


Institutional Archive of the Naval Postgraduate School 





Calhoun: The NPS Institutional Archive 


DSpace Repository 


Theses and Dissertations 


1984-12 


1. Thesis and Dissertation Collection, all items 


Rolling contract fatigue testing of 
Thermomechanically processed M-50 steel 


Butterfield, Fred A., Ill 


Monterey, California. Naval Postgraduate School 


http://ndl.handle.net/10945/19541 


Downloaded from NPS Archive: Calhoun 


atthe | DUDLEY 


WN] | ciseaRy 


http://www.nps.edu/library 





Calhoun is the Naval Postgraduate School's public access digital repository for 

research materials and institutional publications created by the NPS community. 

Calhoun is named for Professor of Mathematics Guy K. Calhoun, NPS's first 
appointed — and published — scholarly author. 


Dudley Knox Library / Naval Postgraduate School 
411 Dyer Road / 1 University Circle 
Monterey, California USA 93943 












































































































wise 
LR ork 
ee Cy 
of Sea TR 4.4: bie 
tH 9s Poe anes a ele, ao 
haart, piece AAs eek eevee 
cm 8 a%& 7 id rs 
ald Y % heh eae © 048. Oey 
| SA Fare. obs peace reREN % Ashe 
hia t em) en Py ty tA ss werea eats ne 
oe b As “a 4 tr, 6 Rs Os in a woenk' =v 
2 B.A DP ay, A: @ 8, “Ose aq, ° 4 fy 
een ee RO ian ¢ ory oe ee 
te ae eno we iserrunaaes veto tah on semen ee by ‘ee na re 
v4, nay tet oe, mies aN teat A Oe te ines a Sees Sor. 
ries on 4 re or > 
Se a 5 tacins ; woe rert, nani * Ae areal rages rs - 
a hee ed yaa areie Sate yea? os tats x a AXoRtt vat ea. mate 8 os 
aay ‘aia! "s yrs eae $4: “{ are wn \ ee "i he AD wee« nate ve * Hie — <2 %& “ae eres Sera ows 
spisas rea ay gait re ye yaa & ox LAr A Ad fa 04h, Sea oh Tass Note yee 4S geet <8 a 
7 : : . ¢ bed oh LA ee 
.< Mates ie A aca : Resch \e% ‘ a om ent RCT CK RO betas AN ws a 
eka 4. OO brat: waren eat ANH %: ai peace Aa BS Saree awa twa 
zi asin annie hs Meike ae. aya eA se: 4s 22-6 1 ks - 9 ee veka A ‘eate Talon 
oY & y BN. Piet) “hy inh *, Any ei Aah bry ry Ye « wae i Wal Ac. &. by AN o& 
oH on Aris * hem hAOTS 8 ay sd as rf ead wa's whe ‘Deh 2G % a . Leer ty Pye 4 ee an 
ese wot, 4 - & 0%. AnH vs hr) bed. va eee a) mo nb, wher: fe i8-ma, h, prs, kay 
rite ay PA base, ats Sew 28 8% Og a RL, tts eh eee apt be N fe ree cs we . 
a) m ™ ® Ate vn arms ih: 144 iy Bagh ' teas ‘ Oe let 
‘tty hse ety ore aN anya SRS : SS x ae Soca Se Sor 
rate Ty's ie ry “Mita the 2A. ‘e la. ae % eke fscae A Reece y bE 
+S le i a % : % , ? city Jane eas * Mena ae hal Swe, tan fre. ur 5 4 
ROR S| ye, Mattie: ee, ba, he) Crecente Ricans te an eete ws aS = 
an Ww i Werie cA Atay oe Kids! Aes va, me vary. een me RA * fy Shere 
ae oO ote aval of Way ehogry * eu, hea 5. a» Ngee. : rect va a9 = wip my yy Prt are ae ee 4b, ~ 
a's e445 ne bata he TY as wt, Th satan athe oh 90m ‘ad a kt * ean iT, iy lrah 
6 , aL | r¥} Xk Day, ha sp PRs . a RAG Oe th Pare & OAR . ry “J fre gt Sarg ate net : 
sia * Le “ardreey Ai eae Ne ody teks, wet 4y toa, roan Sb. ea ‘obo *h ° 
» ryan 7 4 tony tay ’ wes * BN ° Y me & e 
e be for gia *° oh at nett opm 2, aaa ah yA 1 rh va aye! Seen Ais Sasa aoe 
= On ’ ® se gh”? SOT ’ te ae res e-< toPeehy als Nias Bas et gl a 
i aa : a Sar ry “hthyy an oR. Mts rm hac “mn ' ey ry apt ‘e Wy ms wate. ora. asm 
’ ee . a gy 1h “eo #, 4 Often if re i>» ei oe x TTT ne, bat A wa wha, ‘a i A. bch Ran 8 fees 
3 @02 e 4 or F ar ‘3 a %- 4ca& an tee, ~, ¥ re ; wager, "%, a0fe Gus. Ament ame ry e san ty eee 
toy ok i v a4 Datyhe 408 d.2¢ 4 were 3 th teas wn Nie a WS TA me ress sta. rake. 
’ Pee yy Oh aN Sit Pah v h . eacerats eee Pat ae tert. a 46 Xe ee $ MAD ree! earn te : 
i ‘ ’ “ue ih aaa ‘a's 3 Aer y Daecs 2a, ~eN ¢ ran 4% Pred shard ot fe 4 er’ arate » i iare al ean ene pary, ayy Peter 
‘ ‘ 2 F wae. Se 4 today Ne. } i] wy) ¥ an 43 2 Ae t oes mM Raley ict mA nate Hy syakare par saihas re a a. = 
ets z a1 a ak en . Yerj a> 4a en eh ay 4.3 sat ‘> Ag i aN.) hh 2 ee heart sieht ya salen its Ger, A oh safes ad Ot ea 
e > se t r Ys Ag %y fea y ’ Parana’ aeke ve yuh a aw wala arenes ad i Hd Pret me tn hs baek ae ay ora {Maw Ne tr, Sag san ae, 2 re sm 
‘ r woes tre ae 1 ee v‘ + Deh tye Went Qiey . e709 * tare Sears ne Ven poste TR see i" a ares ®inwe a aed a “ wa pee ee Pats 
oe ee ® & we) oe te, yaw ‘a4 im ¢ ke vagh 1% TY, & Mer the me tress Sees Nee Atay, , te A, jae! = Verwandte eon thes of . 
iby ia oe : aA ie ware We gee An aod g se 9%, ibe *e vee arene! Cent wa. whe pot Ales, vane =, 
‘ m De a yr TRY YS ve wy 4 t+ ‘7.0 * Ol Sort yi precy! ta, te We ip Ba yor) Peewee yr; ae (ae 
7 4 ‘ Pea “ea ak " Am ote pws F vn Are, a : Raia eet +s TO nin me ah, a bee tot meee CRE orb, x fl ae ae 
@-, a] Oy : ils g ; ov’ ¢ Vs gu Ly if 4 eke meas Sie eS Las ty Ae h Py re fe, Rom 2 eee see bd ae od tala 8 Spa. es 
: : fe “rit tye area Veiy Ba ate te = ip : os Se tg, awe OY Kort Hh ey hy Re OE weraaia Wy areas Pon = wae 
: oes Be ey ay eas 3 birt J wi hte hee na Seen CT RN rea a acu marcus pa hee aaa Auto vomreete we hten 
o 8 ae @ pe 1 -. ‘ % e%, Coy fo Oh a aa, Re Wish, 4) 4 rw ANA A ay ea ais ro? a + beer hee @ aimehe Sarees ofan OU Aay Pe 
, ely | . ee ‘a* ts os e338 Ate a a % uc bp he J - ee : oe yr “’ 4 * * Pith aa witha ehck . ii Nstadatna ne a ised e tie Spearwersgta! path 
A Wyatt ‘ws ‘eh voy aes Ron mists. ' . east Nae uae rie PS hning by ra SAS RTOS Se Reree tos et 
t oe * ? 44 as *} ] be eo | > a Uwe es eh c o® a ? :  % a wd 5 he othe ee CY Tere.a aie Wi Sees . » oy > tag as : eee Wh Fi totmte 
% ae a a i ks ‘ ere 4 whe cw fe, v3 Gan Weg hh sty 8 ma : J “iy heh. abd Rese Ges Por. wehee aren = ee r4 » Tyo a oer of 
® Beg 8 ‘ “Am By ee i en e235 + e ‘a Otro, a oie 0 oe n rs M Ae, a Ash Lie AO Y e k rAaaeetaaeee! nS a Oran % ae hy A hy reales deed! Seaneete we ome AS 
o* BS ary ’ » a 9 ory “es 4 Ya =a . ¢ AG + he aay AO ? ‘vem Setar &Y & we . Mhe"be tae tes as. ye : ey: demo 3eite ; wah 
ee ‘ *¢ : es a »e@ wad foe Urs *e t 8 Wass a alten A> S 2%, LY - CHa Ao sae arty oF fy a a 
‘ Mtg ’ » oy ip at Lae | 1% a aN 3 ‘ he er Woe "> team \ a> oh ash, ‘Oe vn ae nv *. alm, a>. Ak m hea, wat « ra wa aan & teens rte 
. ‘ Kha, Te tay a4 as a Lm) MO, be Vaal 2 fos A hehe me Acne sue x, wy 4G hey  ®r are, AN OE ee bask, $f hae Hi 
oe are ‘ ‘ bars ry ) * ele as my Ma Paes be) ean ota yi wa. . & ee’ es tee Ps ee arene * Pe rors ak 
‘ * oh a e* a » % ¥ ru tA > 4 LO tae tke ‘ A ae LS wn wa. a8 ate CO es Ry 5 pple Le ta tee rt 4 oy RRND Bata cine re 
1) 8 e Vee ES . Y ‘me 4 b. 0fe 4g pA Aide a) ‘tthe x! a a A Fo 7 by SMA As * ke 0 we aerate A hited as hes 
: re tat Ms w 6 +B , ydtes Vaid tah ce * Lie o ene. 4,4. eran Roe acme uk "tg 
bore ey NS \ | eM ANT . eR rare wee: "4 Se red ie Seco Sst een 
Seep e » pert My i ee ooh ress Ki ’ we a's Wes “<> a’ ery lee won S% eed Seaaeaeaae ath ou ase Serta e 
> ay *My Ere + iy NR ‘eetente’ 3 Fa, 6 on Yay, ty eaten, ree on Posy, pty era . 
* Le a 5h pe . ws Qn A » 4 4 bra wy Pe Waey * a4 4 ao b quay a edectel wes Vitara it oar eete, a % : ea. ces 
ber Ye Te She “a La Via osy ‘A’y ae Ca a ye Me A 4 ¥ e + te gra, ne modseh yD acteges « SOR yet me 
2 " * ’ e on Atta ’ yee Ht MS, « . : “44 Bs ye os Pheamaen DON fet Co ttre chs da eA ioe 
-_ 7 Ht : om RAS Hin S Neri mwa are ere wy ewe a BN yb aa em mtd 
Pen, ‘ Ray rs 3 reat 7} ‘a 4 srniais ae alee, > ee; Cw , te" Acad BA * yma, 
Aa hh > eia § 7 5 ; © as, i Wy LEX e4 ae th had ae May wimdee we 
tas on ' ws » Ve ag x >a : J R: =e ay ba Parr) 440 2 be 'y @. 40 RR done SER eee e wer % are 
: ie Seats dash Seas : “4° pre ld basal A Weentse Pex) Wet. 8, wot. ~< os BE. tres 
®s i 4 Baie ‘De phe Loh tad > NOM 4 ; ‘ c .h ri "ye Aeue Phim een, > wh airs ae ha, res park v rs 
: 5 aa eee Prats ara oa whe ww eens “hy -ap yas, Ms : Se Pepe ett > oxy oy 
; Ae rape i. etn Ry ae maar “4 ya ets Mas asa, a) \@a, AA Wier’ 2 Shen State pl 
6 a 6 . } TAR 4 5 ats, aw ear rasan wrath PO Sea" teers ana A Rtaya,s, See Oe mae wh he ky renee’ “isse Se 
; . + Ve . wk tan radar _ Pe rrden: merats ° rie a Sa ete hs rr ares fia byl 2 
Bn “ , tame ye Fond | Pen ay Beads wihirace cpa ane mals am Gh Van yank chp “nes 
‘ ‘ et? Laks ba mic eo) teal be AX WB emy et A ty "hare sh 0.8 be hag * 4 
. e ‘ « 1 b + > im +s 4 Melon cae av « ~~ ay rier xe *5 Sed 
i % er, ‘t"a D aay ih y rs ; re we vw 5 106 ew BoA errs ae Smee 25% Yo WF an ee ‘ lw 
d pny y ‘ Ad Wy wea —_ rigi* © aang Maen ch pu Vacant WAC Rorrcger: ns whee parler d, at 
ei, in Abn ie pale we a a Gr ao ts yo S Pb wes: ‘se SOLA saree Soa Ply 
” ; Ave “9st y tt bis RS i “38 Pa > ‘ We a, A et bo BED pitas bed th rank . Wat, teeny eh att Temars. * 
® te oar, > Oa le a4 > me 5 94 ANA % re Aiea, ry aw ws ty "Qiee ~ . Ta ae ANN, . MRSA A ae 
a A teeta they ey as ed yi ent ee Ate ah Apa lk) aed grab e ses VE SW nit i ek 
r i ‘ ; WR A oat Biel a va A Veery BAN Be, ary & ae “A10' a3q WIN © » Vow pS >. © aeons ah, so hva a. (rs 
*y r. E: Pal he ry Tete N oe “oy © VRS La ae! : wy Wr Woy tm J a.m Sy weet has Rita dy ‘ ay a4] re = 
me ira gs a Gwe D> ary } oy a8 y ee 9) #74 Sis eas oe “a re) f ‘Se o® 0,9, m9 Aw: sa avon Leeann SS ma OR be 
Be i ® be * Ye Pe my aE SES “ae art ‘ wer ey acare ak is Sew Ree yarn: . Meh ase x 
i ". "p ‘4 Ka aa 4, * Innere Sn wiit Ge ‘ a sad ses > 
° = aie % » wo 4 8%, "eK ih 4 oan ce ree we Lea © Ney “80%, Wels | wy te pf abe Teale a ‘ae ‘: ee 
+ : 2a os oh hia ~! at aw ba Ae $m Ay © °& Sem ay Wha he bk ere O° brs Wer _s apie nae a % ot Ont er 
; 7 : ree cee aS be reeks saath y's”, NS ys fe Wire wet ih Breet rg iets tareey vee Praha he q 
S a ion. ees = hat) ee bg. tealey! A Ase fy Se ae ty y M © Wi: *s ¢ 
f = a morn We vue ha 9 aa a5 +4 at, ty avant 4 any ea 3 set er hay 
es 5 te & Kel & me ns SMa bh Ware y “ne, Sih St Vere hr hte ee bn yee ru Ue 9. a oy \s vhgqene a, i 
‘ Ste ms! ‘eee es, est ENG t atis dee k eee Le HENS See 
%. i e 8 4 oy om? i a) ~~, e@ = DW ‘hay , een ec 4 Te fs my. * * yay 
: > Were, ’ MLA © pm 9 974 Ye Rhine mo ey feceanns ee * See Awa oer me “a 
best , aA. SC we. ym pa he erae ohm a ty! » £4 9 ty Stel aa” bet ies *" ne » 
> > ¥ Pe “eet am ae 43 ‘es ' sy 3 * re PY My Pie tee A) eta. ante M3 x4, ba » aay ted 
* Th oy ity +. Uae Ast, Mire ath : iy wk * . 74 a" “ et tad whe has, eye St hy 
te 4 5 ’ ® ic ‘ a1 Sts ee Sitar fea pi ane “s » a cau a gh, : ahd hie = “ew. ada NS ka, eee res at 
be | - coe Le *y As >” s <r Ay Pye HP hy ah hey ele 7, ioe " . rokte! wy Hd oy dae 4 i tytaed ai aae 
“4 89 ‘ Yoen ek 4 aus, ih, "hes, fa a | ata me 4 . Ah Pens <% yeas Qe YS Pp ory 
r 5 t4 en : *% a 4 ¢ 2) ‘ ‘ny oa 4 hy %. d Bote ; '4 boat ¢ pei 2 ~ © ha ih, De Games 
: ae en be ihe” ain OY Meas, ack PALES RACER wees | Sue a Ecce pas « % 
- . : "s +a ‘ —: med & ha ' hy % ta VAN sts! fe ee " ry ens : S bbe ade 33 s ree ve a9 Coty hah breic)) me ie % eet. "ea, i 
e ° ~ = * wey wh . qs *» "boon ae le eg en! bats ee a i wee cad Ri be vans, VA hes tae 
5 i . ae ) a 4 pea ang bar ates ei ge a8 CaM oA ALY ark es » ~ Ares ‘ns Ve i "5 od un — “ 
- * ras rE ‘a in th ay Hy Aad " Rees ay. Ns eA WATS Ashe x heo. ee aks — RX 
bby 1 Par » Steg F meas h Aste may war res ears win arey "6 ashy me iy ee a. ‘eA! 
ae , Or rk 7 We, vet . - de Sis qe a) Veen 9 cat! Er VE pay Mote! oy Cele mw oa MAS a “ bs % seh 
r) - . o4 . F * 8 Bat + i < *, Swen a bah T- . > ' 
ae oe ee Ae eal Sra Te RON ONS sone hs ed nfyes CaS = 
¥ 4 ties Sig ye a =< eZ Je i; hark bed te ae ‘e 3: Shem Suc ~, a in ys “ts Pa) , ?. “til Sy. ‘ : hoy Ms 
. . ‘2h . 5 ™ ‘ ba Bog ey >% ase while mp te to tee Ary ~ . 7.  &e! Eide 
s a : Bag “3 3 m4 ae US goes . i bt ty ete tay ae en packs SAE % 
t & A t » ane . ew a x Ps “ : =i waren aes thee A Bie de ‘ . | Sa nese & 
Tes gees | ihe tee er PR Mae ee ee SAS See ace 
. % . * Ae 5 Seah y Ra Pg den rs  pthoes bys i ee bebe, ier hiege Nitta 
. ia Seas ree ee > Ns hes M5, ‘et ree» PERS hee there 9 “i seis 
4 S oe ‘ re S. #) Ayn . fae bes Skt Ua = an . nvr li * 
. ’ a 5 +e a 5 “% fs . ? ‘ G . of wm be) 96 pons wee 25 ere 4 oer wore 
Poe ‘ “es Ved ” i. hive 1s ‘i vA ke afs ‘oan RU R re, ia picig 8 noe rH IES. 2m yh LF a8 KP, 
LJ 8 4 $ ; » 6 Mere J » Saree va EO, Ns Lory si ANA ware ry ok Ate vn, re >) ¥ mee ttt rt : 
’ Y y an v, 2 eo ee we on Sf tea a Ag: Jy ny, “ rq by * ehecen . SASSER Wh by He” el ig “\4 1 , ¢3 %y 7 Ress ; 44 
® % af sneer | ye A % Rive 4 A “ne ah ' ft | we a ot fe ie ed aN a ay ~t Saas ae as S tee 7H, mt Rn 38 ¥ ae : a 
= - : 1 ‘i * r ‘>, we % Peli A ‘es yr fae! ro ta ey. \e ge ‘ mre yeh. a Sh . Spats a Y as) bogn Se Aictig 
aie 8 & Nn Be 1 tay IPRS ghee “a od ARN Py, ee ca ess 5 
le, — PAN: toe lahat TA oh. de i aes winats thus hic vaste tice PEAR PaO. . 
t s ® Sh 19 “se 8 mk y a" om ¥ \ « » Ss >} e ap ms é ied A Phe. +o Oy, ey, iz Y VY a 
} ‘ a J woe s Mire; a eles. rt rir ia al . a By oe oe, 5 te ver rary he f ot Y “ate 4 4 bs % 
- - ‘ ‘sy ¥ . Say n - i y a}: oe Pe ao gf ans, SG < 4.4 Be, ie ‘Ea a _. sh ‘ess Ve ep eaten fe as a, 3 ta x, bh os ah oe! 
ae 8 ahs a i * BS a a Fanaa cE reas es Sinn a OR 
¢ i 2 i 7, “*e - ra y , : ~ a4 rs ‘ 
oe . ,, = ; . A As whis ny ee of MM FY oy. a$°y Se, fe my yy yr ’ ‘ie 7%, AX ph res £h a he. fK 
‘ a *y * 9° . ; ee ~ Iss g- we Wyfe yo Ate me iy . con ~ asl wh Ne: ; FA ws eee a SSN PRA pf i 4 F be 
~ s . : ’ + i ee A vas si Ww f re Yin, (ase beh KA 
w - x ty > ad . 3 aA By = ¥ iy, } ne i. ae ie. 4 Pe 4 are ue 
> os ‘ weit oT mS » ‘ a em a | ey Ps ix AH VAN, e an : : 
. . - > mae iA. i as vey ks e tia »* Vy, " : oT ee af 2 ¥}> oy 18 Sm 
4 a ae : ya Py a0 Peri ices Oe at aN) Nii, eG 
‘ . F . % vi P: ay ‘ ~ <a oe a KS SAS yt i} pif. a uh 3 Yay Ron Sak ay me) a 
= ‘ 1 oar. .% Pa " i - _. x? Ye) Loe wl “ e wy 
’ seul “Ae 3 . ie u si he Pla 4 We They te ~ 
“> vs ‘ ud ¥ -» ae rogk eid ses: xe =) P 3 pee pane oe ic ety - ‘| : 
yn Ge ee oy Soe ae ete see geile Ee a8 eens 
8 s. ae B) i ; Fi > yt! : + ky 
4 ® 34 Fi » ¢ = z 4 1 ” 5 > ot 4 in'y 8 Vi SK es ee Pa KY fa hy’ ar j a 
a Me, Ms Y te os a ae RS) yy he acgiage Ae a 
‘ hy x A : ! “43 ff Me oe 1." oY ft eK d 
* és ¥ i ; ed A Ne tf =) Rae er iedeeunb a J s" “ 
_ AS | ey mo re ‘Sets Wa i a st i 
{ é ? a3 x Br _ et ry y hentas tae x % fh Aas 
* 6 } g 8 P m es 1 A se a) ee 4 Aen BP A ¥ 2 ’ sf ately ts Ct fee i 2 ; 
‘ .” = we 7 es ® ‘ee 4 an i ” ? ‘ 2 oe ¥ TA 2 ., 
: % sy 3 oy ae aes ioe os! TERA ARNG igh ee he aa. fs Py er 
. “34 ae 2 : Mii ae : Tgtany’ 4p 5 Hat be Aes Leu Nites, a 
* ear, w oF , mm PR wee sE¥ va AD f TP aaa Li mutt i 
3 - aa Ld Z Be 57" ’ i] " 5 = ; é me “S € FN na cf oe . art tae = se unt we at Lee v4 
F ; : I ‘ j 1 7, &, . xi } ee ae: core “ 
* ® " - vw 1 e f a I a; if] ri wal, Me, by 4 nee ats "ays “a wy rut rae 
? ° 4, @ a ~ = 3) 4 ss we, “ x: i wea Fe > 3 Bite ; "hae Ye Otay ie +f 
! * . f H 45 r+ rey a a | oe eb ? om te ? i. 
; oF ty Saag s te ede ites oe i 
Ee Sy ote a mee wt + fate ; 
* . } a ae 6 Le Oe “ Santa EN os a : rate ‘ i a, ws 
7 : ee bis ' ol Fare - et? me thx a hry, eney won { Wee os ‘ ee fi ¢ 
: + 3 " 1 » ft i - Ne) * a} 7 Cr pve aw vv earDe : f' 48 
, in a ge) Lotte Wesraets ig 0 Hite. 2, Recess De Ee et 
4 | vial i OF sun ime. FY ste v2 7 opt te J ; 
: = ‘ fe i os Pats ay wR i ss ay OE Ie?, rates paustn sae of 
a ; > F aoe ei es 4 ar nosy Hah P eet » Mad ta Ne tik i th oS 
. . : , Ms 7 ae “© By hae) Pek ne axe hy Ce Atoiitget sg tis 3 ae eo % 
+" ‘ ae: Wie aa eS ym, Woodys ob ade. * ae <9, ple @ 
a +, are y : Pai 4 s het reel fas RAL é. res oy ats 
ao. re : peysrtia Rey Se Cs al ee Cie tes 
‘ : Vs" a 2 +4 ye . re e mt . >? = te J) ee r | a) mnie te f ‘phy rat f ote 
: —_ : ae a ye Be G Bra) Te “ £9 ew ‘ts ae ion ve Roper eats 
ns U ee Fy, ‘ ‘am: pit a eg ed ' ie 0 fa Rnsy dee, Ry p on yan ¢ Cen ee 
a ‘ala r a I “i Os", bis Nest fae tne ay Pode ee voany Reed ot pe 
: : F , ) ' OYs3 Fo shy PH’ of we eng ye" 9 Pee be ma tie A i ss va 
ay 4 vy r fe 4, Ay ig ates. SE 1,25 OS tier. O Ce A ree ee Ant pe CA ‘ne ope 
: fe P & te 7.0), 6 ‘ ‘ yey pea ine ¥ ana ner ite fine Rare hd ee od oe hd ag 
f ‘ ee eee er 29 LN, Rea oe Rh ie ates Spat onre oh Fa 
A ‘ le ¥ iy ' As Mone wie E295 L ods tenga Matyi wel. £ Ps lon Faber eaiele pa er 
5 * a rt, ¥ ae ae wy v4 a, nt | phe 5% .) alse Si ts * ri ea 
ee 3 * > , 3 ‘? gf re re as oe pent Let fan ve i» rete a4 “et rashid «3 ‘ . : 
: . : ; ", “a 4 i a J ye 4 "ee Tear a ¥ lain ges PES seas dea Pe = Seah poh 
Tt v ® Ped = poe ed Pa er [4 of det. Pte x. ar? Fuh LA "os a se, etry * 6 © J dep 
e z ‘ ? e . al : 2 gy . _ ne 4, Ss “15°; , 7 nr me sy, st at Ae x vy o+ he ie Ae. 
. ao sd , es } yr. ay vy Fee Sete way KEP AG pea ot Ae Any ae 
* oy a4 ‘af ow 2 aé ey | Ff e 4 ai > Y Peat 
: Plea “ees et the eee lb on pep hgiteds rary TOE cor er ete. 2 
. 7% K Pe Wie Sa : ‘pe es 5 o a Pes ~> Es, ee as 4 nk Fe w ur r ite wre 5 A hg, 
é 5 se ‘ ° or as itie fa A; ome eee ed en Pee $5 § ee fo ae a ind ¢ Ste i es oa ft 
ae * « m a ry, i eg Os 3 Paw ° uri dy! «BK s ato $ ped: be lh xs tH 
8 2 on a ona Sous 7 dip rs rey oF x tompritg's. is is,’, vaste 5 ARE | fa Ses 7 ver 
‘ a * 5 ¥ 1. 40 wy Yat a r r ne Py SF om Bh tm) ike Hy 2 9, ry ay Aole pe ie i Ack Fp 
: , Jo are 4 i teas a ¢ vis re, eng ors PA ge tart oar He oF Pn Cert: re ise 
es ’ i> ’ ¢ ¢ > OF is cat - 8 nal | se os f or a 4 es ry PPP he’, Pie Pe, wy Sg Pod bi mare A al fo era rie eee 4 
: idl dP thy oy - #8, ¥y 4, e by oye & ya ore Nel cA yy HE vy p ae arte shiid a ve hie fe 
LR Py re 45 ; em y ores & vee a porn y Lae Reh ep. 2 ee aot a ribke oye + pe rarely 
@ é 4 ’ ye | a, A! * 73 Veg Aye, wee pee ar nig oy Peau. Bie ean nes 
, » ~ ve . % r faa] o > red, ray « fd rr i Lae 2 & on et, a yy ; ‘aden oet 2 50 bf wires Lycee, " e 
, yee i Pe ey schece; ied if Fyn ed Shere peers ith aah ie reap oh ase +. eet 
; ‘ * . ’ . ‘ f va Faa,0 a ae PHD 5 ja : Vue d ARP KK: ® eat ge ‘ * pe ret. ©: i ow P48, = 1 ty , 
ad y. wp F + we a wig 7 eH, ’ tet vy ~) Pty. wa re 25,4 wt as se ‘ ale: . om PAs hal ace: pe 
\ woe re vs \ ' id ‘of P iad PY ey waded a *. ate iW, Satis we 4 st Beatie Veta, on at Pee Ke ar, 
. ‘* = i - as ane ¢ # 4 ‘x ae ae | Lk ed "4 ney ae Fai ate ’ Pe i feity.g we ‘g Ag Boa oe FF be Cairne. Ka Pale plan = 
’ ’ s »- Hei foe mi We . as aes Ad Pe 4rige > ¢ 5 pi Tp tie Ae a ? apie Ne ees de Foes 
3 J ae a < ue ‘ 8 vig FY “ bc fag ° Pit 9 as. ' Paley, “4 hg : Ne 4 coe Titty, pa A pps 4 3 ee ppm ne fs Lf : . =p LAN ie ry re a t 
Saag i 2 0 Ht gs : a * rs 
ry » vee e 6 we Ue i ; r) 4 BY, hes ee uw. iis 4 nar Pe ¥ "he: tre er) ray ngred ee Sf a oy + re eee Pte 3 ei Sama 9 oe Wes wte 
4 a oe - we Bae 9 Fas tty ey: ne roo itis tat ops sven’ Ty Pica Sesh Ai: Coops, ba Se craters 
’ “i ig ‘ Pa 2 Pn ? i's? yw | ie ae ries ‘Tis 8 Sm rains een Reta ee nati oh F980 AX Fat oe 8S ert fe 2 be oa Lay 
oa i) ® ve nl a Cain A vet » ‘ Ct) ry Ps R77. on we Uta +f Geer in oa A a, aa ¢. rien mBe ae .) ih, Comm, = 4 ioe fis, 
’ oo ’ C2 , wey 9 é 94: " *} ix a 4 ty Pies he Ly as x 275: ow, " r dee ‘ Pa o x 
s fl . Pi. $ a | P ‘ } Medd ney +, A Hane >t ¥ 1s oe Le Mon | rates Pir bps ~ ra cena + 
Ld ey - . be s . £ vi = *, ‘ey ¢ eli. oo ot» da < say 25 fie 8 5 Teas be Awe > wy hy: 7 ac Aen pup. | he ie mad a fe 
Pie an a “7 & AN Te ae) oh Sek @ 2%", %3 4 ry rr, *hoUid a Ty ae gf $ ig ft. ‘pecs S22 2: Beem: on Pp PY Pe ytd ot race + py we oe Gover bvttet dk an ra . 
aa a at 7%, pfs ae " , a ; be 4 owe => boniage lg Yee re pee vee rt a ¥ wg Pe is Leyes 2 or yipe Ppp fg ba aS rowing : 
aly i, v2 AY 5 ¥ 3, "ae aety re Tare “Aa dy it PGK. a ieee led 7 Solis Pepe Lf y ovens BAI ; ph oh of teat, By on aa ae way a an. ’ 
i 4% . 3 s | a Ps a ad “6 - > ¥ ye 4 . re . fy) Aa =p ot Fae rel | Tt) 2 ra f aA Case ip - ©: spe es cnet ere fa = Ve ror ee ne: 
‘ 1 a = i > Ye ‘ . Fn» Yue ¥) of t> ‘3 oR + &: eiry ~ ret (weg - roe wp i, ay 4 Fr Pag ut A = Fe Oe: ‘Sgt Pay Tw taal See ce ee 
* «6 Ce 758 . ‘ ot v Sue’ a A a2 Fiery. t ey. Cea & dir Pade oy = ie, rae Ww Pigs Cy Vitek d 5 1b dssyt $e ergs ; peas A re gl 
| 4 4 ee va ee iden Sadie Pepe en aaa Mare Pos vet ie rhdeh ge Mane relate oap errs SETS ie eae er 
j ; bf , " 4 m= us hres Rime # ¢ el ale Bot 3, ‘® fn RIGS LP OF ay 2 4, Ope eh <n pe = rarare + : ry = - > te ela 
4 kK r 3 3 Ss ag dene, Feet A . Poe Seg a lacy og : oe fs eyed? wre teighe 7 Sere past » my plates f Pie enions oP a es ° Rot xs) : es 
ae . ’ ake 9 i Frsrecs, nye eve il ge IPT ia ares eT a mS oy: a i? yplag te! i Ap pe ery Le bre ‘HP igi oe e . pA 
. s oe cs ge ae = #.08 b me no 8D Pp A cio rd ¢ => nt Pde éyn oe yk ay Te Ha A ie i mE» 7 14 ep i a + on PB, ys s&s *. a Or rh apt sgh od 
re | i ea Oo " Magen ee Spare CAC aaa Semoun pera ters Pitas hye wna ante ne tolets Parent nteeee citer none 
: : "ae os a WES % SAL: f pth tig omen Vo! rem), tes agra ee stat oF, weet 9 Lhe ts Nene ry pipiete orate Ah pone: ogee orene ome 
en eas o” aa ? i s% .* ae” ~ ain ye me ry est m, (a See baton ye + soe ites PLA woe 4 née > cea ene te pens reece ae bly sah Sree 
Mi ’ Pee f a AA souk AB 8 « TROT fers ree fae erty othe Pte TP Ads ee lt Range via COTS Erdle fh ar Phat neers ee A oF orlae 3s fp peal 
Ny a bos 4 2 "Fes Fy foros Ne “3 bisssinip ene SAE TAS we eer ees roe oes we eee ree Meme we re SE fz 
f L "| Ho 7 o? a dg ‘* * - 9 ak OE oat I. © bri 4 y 653 et SNS dk OT or 1 oy Ae 4 to ; iy 9. 14 ha ep, FAs ery ree rene SOAS any o Krnre 
: poe - a9 : orbs . rs 94 +4 4 Su 8 BAS ta "8 Tre ee $s ing " oyhtieities 60 A; f Kenora Pps rarely? 2 ite ime io weg re ry ima 
rp : : eS lee. : ae a. ee "rp'e Oat YY et std aA iene, rt ee ; We ete & edhe "yehe Cink r een 
° ® 6 cf Pid P * + *, ae, ae: ey; ee ne dy § Ard, 9 p » 0: fh Mae . F rn is toe wm ul ft oe ee werd ae ot Peg 
é ‘ A Ce bs Boe tee oy Dh. Se Ig ¥ img a des 2 ae} eps mS ree fp 7, ty at Hatin 9 2 Re eT ae eneie Pr 8-4 Hr “pel ae 2 Sam cits a Sveretord a oro 
‘ 2 4. i mas Phe a) nbs » ; 7% t Bice es on oy feer eae “ wou PUY. yee se e awa. ater yae Sepaemnric ine ee ; 
a eo . fe ’ wey i y 39 ne. ee ad ‘0 ae”. Pie eye ST Fag yes } aef. weber de hes Se re gattc WA? hae Sete iter. rien. 
: ‘3 i ey: or ae iis oe i + hb» eat Le A oT Ae th he *2%en : é fv Ft <4 even Raueles: ron by: PAE ane wet teu tise rt ore ens py) eal ;. 
3 sa a Pe tas "+ + , ey eS gus Petre». fete ‘ PP Lal Mal s samen A i ahiahd Lhe e Chae shh Cag er ce tte 
8 ts = doe ee ae ae i as ye % pia dh r = 6 a Rm, V9.9 WUE 1 a Ld al ae Ne lite pe O¥ yg copy Pap. Crys taal ce ra 1 ae: eh ks mad : = 
Sexe feats ‘ ca Ae ase ey ff, “gal old ‘phy Oe we SAO ea oy ind * AK AG sent ae Seme Pap we fo oe beet 
. . +e r) ry +, +4 a«y of wt; > 4 eh spor. Migs ¥ ¥: Kye Bs toyt fi Seige hare % Saneien earn, + & me eas aie FA, 
ee ¥ et ; esta ‘ Aye 77 ¥ ¥ bg do cad tte khek, Me 4 hekene reeretae O ie rymest cet: Sot trate ‘a 
A 2 : ~ , / Le Ooh. ere +0.08 7? ag 
2 ) ’ ’ d ote 7% a) bowl ;* 6 «4 3. pa feet b al a A te A Da oROR a Veg oe eh Tet "3 ‘ 4 - ‘ 
’ tiga ’ 4 ) i f « enapdt abe om, ~% Tome a Ze < Weser se thee ppg fh ouern A> e Profs PAs. sox 
ie i e. ; * > y ‘ fe ( AA rif) ee ets et iui af o none on Be sn og AP bine Pc yeh Mena, wang prt ph i 
é ’ ‘ tye as = a 6 iP oF Te el Me ht ‘ ¥ Vin oes PAO te ge + Far iy >> Yur, ° =n “6 e FF Le Pk Bp ld Sra cael ss (Ax 
: sf : rey hot ey. ep Boy of at De SRA, os ¥ seyeh tpt Pater * 
aoe, . chs i & sa A 5 a ee sos .- fl OF RW op iy a ieee oy wig ely ay we 0 bee Fr nae i ety 195% r Hts ) rs vale thepa te wee 
; ma yl, ie 4 ; Ot oe 6B Loe x oe 4 iit wow fate yy ae Pry Soh SR Wt z?'s rretty ie tan At 
Le an) Poe. ey r% r o> mae OR nue Wiesead 4 7 beer eee - pyeatts Va hee 24s. ‘et we wy Ores >? Ae peers ¥". 
ry ‘ + r) 4 ar) is x ’ fat med Br ewigy ache oe ow Pe | seh yy Ais are OH oe ee are et! non Te 8 gs a ts ot, * z 
 %y as <r ees int eee Cy h ey al Preteraknny Oe 0 giek 4 ty geri gaati Sit eed mb §. 595 9: 4 
a y ‘» aa i el OF mks nee 3% fi it ae al ee re fy it areat ry, rr e y's cut f 
P 4 os Fry * " b hues ’ 7 '; ea ‘ 1 Fy 4 Tarn 9 fw mes r dy % a eure ta stk +b, LIF > vie 5 wi ey, is oat oe” . pny 
ne as ae oe eee Beh a Sarai aaa Ge Ferrers pene 
’ : € ne 3 rhe, , » Fane 9 !¢ wy CEASA tk dt RY we og Fp iw9, pg +e 7h ihe ie) ees 
e > ° ‘ > a> be a is FV 8 to Mang hee ¥.0 ID ; Peay tre ras bab Die Hy ee ® +79 wg ee Riad ts hh Chay ys 
se - =. a". s > a4 r % Fe fe a we PORN ' wn wok ey Joe Doel * 7 7 ng oe moan ae we atte ‘ 
ae ¢ nee ra ah ya" peal: ee eee b pais. en “fie Pree ra LALA ’ See gs pangs Free 4% Se: 
: Pe. e > § thoy tt bey APE oe pery ~~ ye Prt ie. bore pet Pri early hak CK ap Baty 
. Sy Tuna st ae, Gh ee ee hee Cee Psat nn pata gee ee 
: ‘ i *o9s $ erx) gh s i Mi Te e vd ft $ ) mpaa 5 or ce yee, pe >: eye. ee thee ab hee e yaa! o> es mar Peat ¥ nase O 
. e fe “is “on Ws Cees ie ee é Eaint . ywe T08 at, Ree 7 Sib Pts} ° Rare coy es ers t's CMs "ig hh ie ney fou: 9 ‘ Lx 
as , iad ‘= vy she bo ‘ sen a as A ve balgh ts Ay, Ra FO Ref: Be ite 4 pres aa Serres “9 Vy ’ rea nb inate 
: se 4 a oS wi Series wt ‘< r at, EE re iii? F, we a LU aa vy “4 preety? + oat Peat 9 Fone B ea i mpl bak ohh oh od ee #2974 
® e , 4 boy ra « *y, a Paw vie fos rately ». PavAs "ie oft, ¥d! fig Satdes 8. <a rs tes hea Ret? ve 2 ph thes 
i) cals 64+ ye F , ® & OT 1 se. dg w 4 , rr ¥5 a Pak ‘, € > F Pe years : iC lal Wiehe cia iie ore, Le a6 
oF a’ : ! = u Re ° te + 4} a so A “a, iv i Ses fe ty ae) +4 wa, aad rr) 4-5, te eye Se oF, é a Ante bY 
’ 2 4 +9 ’ aie Le i) Piso’ 2 4 is tale 4y > ly And bread ifs Se yrs + Or dey Reh ie-g DS. ss: LAA 
: - AES ® = 2 ee 5 ayes a’ ney trey S$ 4, . - eh Mn P ae $ be ke 1a» eaaee oo Ou ho leeal oF i i? os ‘ ng tee 
r > « . i a 5 J ry a P 7 t 4 Ky A “ wee 
p 4 F ° 4 & rs Rte SX > i ve. Pye : ater 3 ees a | It | an ¢ e 5. SA 
&s s ve e Via 0.0 7.19 r i 9 rc v v1 C oe ° ee hs bea =a Leh, i > 4 na ix) See we 
» op 4 s ’ tn $ ws Le; +99 ew ithy o$iks igh Oe By Ag Lat aa et ay as imu 
ve ya ‘ #)- i” A Fins no S053 f; ieee ware. Arad AEN) ¥: n: Sena 4 Ae Pky po 
ee a9, " $ a, aes , A La tm i s! Yes", eet i vue A ety tir ees. 
? ¥ Um od aa vEen ej ny; Fel p Fi a 4 4 Pr eke a as yp ey 9d en 4 Ltrs A ! . 
3 A 4% Ay od ? , on 2 ’ 2) rh ad ve oy rem f Ps Fad A e 4 #8. te ag . 
3 ’ ee a | ty ¢ Cees LA JS an'y, F er dikes > 1 4) A 2 Ae! fa i gt 
a » . As "the en Uee FM 8 , Fa wl emy Tye 4 
e Si, ; B, aE .? 2 8 ire’. Y, J Bt er J yun 7 Ae Dae st haan: ponies 4 5 
é a i e ; } mt b tae i? oe Pi TP» ‘oe ; ee y PE ad. 
La . r > 2H dy, Preatg; "1 a A <7.) 44 we» 
i} y Cr} +a Tes +a by nf, her £54 Ty MY) 
Ue ® ; 1) % we Bi 94 A os ta s. is ee aff, 44 a » y) F fi ihe fide 
? « = © ie . 
ra a wo ; i] :, A 4 a ; +) “ re 7,§ ea. ‘ REM om iy 4 40 wa he 
a irae, m Pah 4 es vise A an SP 
pha tig A mots, Pei if he i 5 Pad a7 eT 
+ ; 6 i bi : Ye yf A 2 F a a 4. 
5 ra 3 C i ” a mA ‘an me) s 
s - ° : ‘ , a ‘ ¢ a) Ps ‘ Na 4 
es Pe 41g vos mp UL, #86 
6 Oo 4 ' Wg os @ 
, a. 
j ¢ 
P o™ F 
= ' 
a 





“bh! KRGA LIBRARY 
VAL rg57 GRADUATE SCHOOL 
ALIFORNIA 93943 


MONTEREY, C 


ay 
i. 
t 








NAVAL POSTGRADUATE SCHOOL 


Monterey, California 





THESIS 


ROLLING CONTACT FATIGUE TESTING OF 
THERMOMECHANICALLY PROCESSED M-50 STEEL 


by 
Uve@deA. BUuttertiield, 111 


December 1984 


Thesis Advisor: Terry R. McNelley 





Memeo vecmiOLepubiie release: distribution unlamited. 


T222040 





i enn Sane Tee eee eee 


SECURITY CLASSIFICATION OF THIS PAGE (When Data Entered) 


READ INSTRUCTIONS 
REPORT DOCUMENTATION PAGE a/R sr See Sa wen 
a “<<  (. — 


4. 


a. 


11. 


TITLE (and Subtitle) 5. TYPE OF REPORT & PERIOD COVEREO 
Master's Thesis 


Rolling Contact Fatigue Testing of 
Thermomechanically Processed M-50 Steel OCC NEI’ 


6. PERFORMING ORG. REPORT NUMBER 


AU THOR(s) 8. CONTRACT OR GRANT NUMBER(a) 


Kred A. Butterfield, III 


PERFORMING ORGANIZATION NAME ANO AOORESS 10. PROGRAM ELEMENT, PROJECT, TASK 
AREA & WORK UNIT NUMBERS 


Naval Postgraduate School 


Monterey, California 93943 








CONTROLLING OFFICE NAME AND ADORESS 12. REPORT OATE 

Naval Postgraduate School _December 1984 

Monterey, California 93943 | 13. NUMBER OF PAGES a 
ear 


14. MONITORING AGENCY NAME & ADORESS(if different from Controlling Office) | 15. SECURITY CLASS. (of thia report) 


16. 


— 


20. 


ue 


Unclassified 


15a. OECLASSIFICATION/ DOWNGRADING 
SCHEDULE 


DISTRIBUTION STATEMENT (of this Report) 


bated 


Approved for public release; distribution unlimited. 


DISTRIBUTION STATEMENT (of the abstract entered in Block 20, if diflerent from Report) 


SUPPLEMENTARY NOTES 


KEY WORDS (Continue on reverse side if neceesary and Identify by block number) 

feoometee rolling Gontact fatigue, thermomechanical processing, 
heat treatment, carbides, soluble carbides, insoluble carbides, 
retained austenite, Weibull distribution, cavitation 


ABSTRACT (Continue on reverse side If neceseary and identify by block number) 


foe intluence on rolling contact fatigue behavior of thermo- 
mechanical processing (TMP) to refine grain and soluble carbide 
size was studied in this work on VIM-VAR M-50 steel. Material 
was processed (austenitized and warm-rolled) following the 
procedures developed by Larson, with subsequent austenitization 
times and temperatures (for final hardening) based on Bres' 
data. Rolling contact fatigue testing indicates virtual 


DD , ee 1473 EDITION OF 1 NOV 65 1S OBSOLETE 


S.-N 0102- LF- : ee ae Tat ETE RR EU cD cc TiniG en 
Beet Olaaoces SECURITY CLASSIFICATION OF THIS PAGE (When Data Entered) 


—— a el 
SECURITY CLASSIFICATION OF THIS PAGE (When Data Entered) 


20. ABSTRACT (Continued ) 


equivalence of the as-received (spheroidize-annealed) and 

TMP specimens evaluated, with the TMP material clearly no 
better than the as-received condition in terms of fatigue 
life. This is believed to be the result of one or both of 

the following: (a) austenitization (hardening) of TMP 
material at too long a holding time, with a microstructural 
equalization occurring between conditions; and (b) voids 
existing at the ends of insoluble carbides in both as-received 
and TMP material, which act as possible sites for crack 
INLtPawien. Vee meena te ice 


S“N 0102- LF- 014-6601 


rm a EE, 
2 SECURITY CLASSIFICATION OF THIS PAGE(When Data Entered) 


— a ee ee 2 ee 


Approved for public release; distribution unlimited. 


Rebling Contact Fatigue Testine of 
Thermomechanically Processed M-50 Steel 


by 


PiCOe ie Slime r ile ld Itt 
Lieutenant ,/United States Navy 
B.S., United States Naval Academy, 1978 


Somat red wi paigtial «ful fal lment of the 
requirements for the degree of 


MASTER OF SCIENCE IN MECHANICAL ENGINEERING 
from the 


NAVAL POSTGRADUATE SCHOOL 
December 1984 


DUDLEY KNOX LIBRARY 
NAVAL POSTGRADUATE SCHOOL 
MONTEREY, CALIFORNIA 93943 


ABSTRACT 


The influence on rolling contact fatigue behavior of 
thermomechanical processing (TMP) to refine grain and 
soluble carbide size was studied in this work on VIM-VAR 
M-50 steel. Material was processed (austenitized and warm- 
rolled) following the procedures developed by Larson, with 
subsequent austenitization times and temperatures (for final 
hardening) based on Bres' data. Rolling contact fatigue 
testing indicates virtual equivalence of the as-received 
(spheroidize-annealed) and TMP specimens evaluated, with the 
TMP material clearly no better than the as-received condi- 
tion in terms of fatigue life. This is believed to be the 
result of one or both of the following: (a) austenitization 
(hardening) of TMP material at too long a holding time, with 
a microstructural equalization occurring between conditions; 
and (b) voids existing at the ends of the insoluble carbides 
in both as-received and TMP material, which act as possible 


sites for crack nettle ome eeeene ele ial x. 


il. 


Ey 


Ve 


DUDLEY KNOX LIBRARY 


NAVAL POSTGRA UATE SCHOOL 


Mid 


TABLE OF CONTENTS 


INTRODUCTION 


EXPERIMENTAL PROCEDURE 


AG 


8 


L. 


i 


PREPARATION AND INITIAL AUSTENITIZAT 


WARM-ROLLING 


NTEREY, CALIFORNIA $3543 


deal 
16 


ION .. 16 
16 


PREPARATION FOR ROLLING CONTACT FATIGUE 


TES TENG 
ROLLING CONTACT FATIGUE TESTING 
HARDNESS TESTING 


MICROSCOPY 


RESULTS AND DISCUSSION 


E. 


ne 


AS-RECEIVED VS. WARM-ROLLED MATERIAL 
HARDENING EFFECT UPON STRUCTURE 
MICROSCOPY OF HARDENED AND TEMPERED 
SPECIMENS 

ROLLING CONTACT FATIGUE TESTING 
WEIBULL ANALYSIS 


EFFECTS OF RETAINED AUSTENITE 


COMMENTARY AND CONCLUSIONS 


RECOMMENDATIONS FOR FUTURE WORK 


APPENDIX A: WEIBULL ANALYSIS DATA 


LIST OF REFERENCES 


Pir AtboDriIStTRIBUTION LIST 


iL 


ZA AL 


24 


2d 


29 


29 


36 


48 


o4 


64 


Te 


84 


Sg 


20 


oh) 


102 


LISteere a bins 


Austenitization Temperatures, by Material 


Starting Condition) ae 19 
Hardness of M-50 Steel Specimens After 

Austenitizing (Before Tempering), Rockwell CC... 29 
Hardness of M-50 Steel Specimens, Before 

Hardening, and After Hardening and Tempering, 
Rockwell C . . «jenn ceo 


LIST OF FIGURES 
Rolling Contact Fatigue Test Machine, Naval 
Miter roovuresron Ceneer (NAPC), Trenton, N.J. 
Rolling Contact Fatigue Test Machine, Close-Up 
As-Received Material (1270X) 
Warm-Rolled (700°C) Material (1270X) 
As-Received Material (6000X) 
Warm-Rolled (700°C) Material (6000X) 
Hardness of Warm-Rolled and As-Received M-50 at 
Austenitizing Time of Two Minutes, Varying 
Hardening Temp. (Bres) ee 
Hardness of Warm-Rolled and As-Received M-50 at 
puUSstenttaizing Temp. LO2Z0°C, Varying Hardening 
Time (Bres) 5) AS SBR 2) mE ace TE? Op 


Hardness vs. Austenitizing Temperature (Before 
Meemperine) 2. 5... « « « 


As-Received, 1006°C (1270X) 

As-Received, 1106°C (1270X) 

Warm-Rolled (700°C), 1006°C (1270X) 
Warm-Rolled (700°C), 1106°C (1270X) 
As-Received Material, 1006°C (1270X) 
As-Received Material, 1106°C (1270X) 
Warm-Rolled (700°C), 1006°C (1270X) 
Warm—-Rolled (700°C), 1106°C (€1270X) 
As-Received Material, 1006°C (6000X) 


Rolling Contact Test Rods, As-Received: 1106°C 
(Top), 1006°C (Middle) TP Oa, ee 


22 


23 


30 


31 


32 


39 


38 


40 


42 


44 


45 


46 


47 


o0 


orl. 


O24 


23 


29 


06 


5 Af 


GO 


Se 
6 yA 


See 


Seo 


"Stereo Pair": As-Received Material, 1006°C 
GOO) crass a Gal 2% 


Sectioned Fatigue Spall: As-Received Material, 


Austenitized at 11706 -@a-oc.... |. 


Sectioned Fatigue Spall: Warm-Rolled (700°C) 
Material, Austenitized at 1006°C (406X) 


Sectioned Fatigue Spall: As-Received Material, 


Austenitized at 1006°C (3000X) 


Sectioned Fatigue Spall: As-Received Material, 


Austenitized at 1006°C (6000X) 


Sectioned Fatigue Spall: As-Received Material, 


Austenitized at 1006 Cease.) 


Sectioned Fatigue Spall: As-Received Material, 


Austenitized at 1106°C (3000X) 

Weibull Distribution =) <aegeeees eee eee 
Weibull Distribution). ees ue. ee ee 
Weibull Distrisurion 

Weibull Distribution 


Longitudinal Cracking (Cross-Section): Warm- 


Rolled (750°C) Material, Austenitized at 1066°C 


Warm-Rolled (750°C) Material, Austenitized 
at 1066°C (1016X) : ae. ee: 


Intergranular Cracking: Warm-Rolled (700°C) 
Material, Austenitized at 1106°C (813X) 


Fracture Surface of Warm-Rolled (700°C) 
Material, Austenitized at 1106°C (440X) 


28 


22) 


60 


62 


62 


tee 


82 


83 


ACKNOWLEDGMENTS 


I wish to express my Sincere appreciation to those indi- 
viduals who have made this research effort possible. 

First, I would like to thank my wife Janet and our 
son, Matthew Jesse, for their love, support, and encourage- 
ment, not only during the past nine months of thesis work, 
but also throughout the entire nine quarters here at the 
Naval Postgraduate School. I am deeply indebted as well to 
my thesis advisor and friend, Dr. Terry R. McNelley, for his 
incalculable guidance and advocacy on my behalf, and for his 
patience as I floundered through the early stages of this 
research with question after question. And I would be remiss 
not to cite Mr. Tom Kellogg, who--as all students of Material 
Science know--1is everybody's right-hand man. Without his 
valuable technical insight (and insufferable sense of humor), 
this study would never have gotten off the ground. 

I wish to acknowledge Messrs. Dan Popgoshev and Jim 
oO Dommeltl of the Naval Air Propulsion Center, Trenton, N.J., 
Mimouehewatehn both Linancial and physical support for this 
Hee eeimewcre provaded. Additionally, Mr. Chris Patton of 
HepomMcwvNarine Station, Pacific Grove, California should be 
commended for his excellent photographic work under the 
scanning electron microscope. Mr. Erwin V. Zaretsky of 
NASA's Lewis Research Center, Cleveland, Ohio, was also very 


o, 


kind to offer his helpiuiicommemcrs amc. Uc 2 tee oe 
sorted out the results of the microscopy and the Weibull 
analysis. 

Lastly, I thank my God, the Father of my Lord, Jesus 
Christ. To the extent that I have been able, I have endeav- 
ored to honor Him with my thesis work. I am grateful that He 
alone is the Chief Materials Scientist, the Creator of all 
life, knowledge, and order; for as the Holy Scriptures so 
eloquently testify, "He is before all things, and in Him all 
things hold together" (Colossians 1:17, New International 


Vers lone 


LO 


Pee ee ODUCT ION 


Possible improvements in the capabilities of engine main 
bearing materials continue to motivate research on steels 
for application in gas turbines. Engines are now expected 
to operate in severe environments at higher temperatures 
and with increased turbine speeds for enhanced performance, 
as well as with multi-spool configurations for greater 
efficiency [Ref. 1]. Advances in blading technology include 
the use of exotic alloying additions and protective oxide 
coatings, and this aforementioned combination of "hotter, 
faster, and heavier" places a concomitant burden on bearing 
metallurgists. 

When one speaks of main engine bearing performance, the 
practical consideration is one of bearing life. This is, 
for all intents and purposes, the lifespan until failure by 
fatigue spalling, which is the classical failure mode for 
rolling-element bearings [Ref. 2]. The foregoing assumes, 
of course, that the bearing was properly handled, installed, 
and maintained; that it has been correctly lubricated 
throughout its lifetime; and that it was not subjected to 
abuse by either the elements or unqualified operators [Ref. 
3]. Thus, the primary objective is to increase the fatigue 
imte Of Spmempearinesmaterial wand specifically its life in 


terms of rolling contact fatigue. 
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One approach, developed by Larson [Ref. 4] for M-50 
steel, is thermomechanical processing (TMP), a two-step 
technique aimed at producing a microstructural enhancement 
which may lead to an increase in rolling-element life. 
Briefly, the TMP consists of a high-temperature austenitiza- 
tion to dissolve soluble carbides, followed by air-cooling, 
which results in a fine, supersaturated martensitic matrix 
with newly-precipitated (and refined) soluble carbides. 
secondly, the material is reheated and warm-rolled at 0.5 to 
0.65 of its absolute melting temperature to induce recrys- 
tallization without allowing for excessive grain growth, 
thereby yielding a refined ferrite grain size. 

According to fracture mechanics theory, this will give 
the material improved fracture toughness. The refinement of 
the ferrite grains enhances fracture resistance by two 
means: (a) pre-existing cracks in the matrix will be smaller 
(due to the smaller grain size), and will require a higher 
external stress for propagation to occur; and (b) there will 
be increased grain boundary area in the refined structure, 
meaning more obstacles in the path of a propagating crack 
(Ref. 1]. Carbide refinement provides two beneficial effects 
as well: (a) smaller carbides are not as effective as stress 
raisers in the matrix aS are massive carbides, and are less 
likely to become sites for crack initiation; and (b) a fine 
dispersion of carbides as a classical strengthening 
mechanism. These homogeneously-distributed carbides "pin" 
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Teamiieoeundaries, thus inhibiting grain growth, and also 
result in secondary hardness via precipitation-hardening 
during tempering following the final heat treatment. 

Ib must = be =meted; however, that although the microstruc- 
tural refinement should result in an improvement of fracture 
toughness, this is not necessarily synonymous with an 
enhancement of rolling contact fatigue resistance. This 
caveat iS particularly germane when the associated failure 
femianiom (e.2., fatigue spalling) is “not as well under- 
stood, which is the case here. Hence, the need exists to 
validate our assumptions with this type of mechanical 
bestine. 

The material used in this research, AISI M-50 steel, is 
miematrerargeindustry s alloy of choice. It 1S presently 
specified by virtually all major U.S. gas turbine engine 
manufacturers for use as their main shaft bearings material 
[Ref. 3]. Although tool steels account for less than two 
tenths of one percent of total steel tonnage produced per 
annum in the United States, their value per pound 1s about 
fifty times that of the high-tonnage steels [Ref. 5]. The 
explanation for this is found in both their heavy degree of 
alloying, and their specialty applications. Tool steels such 
as M-50 are especially appropriate for gas turbine bearing 
usage due to their excellent resistance, not only to wear 


(for economical life) and to deformation or breaking under 


i 


high loading conditions, but also to softening at elevated 
temperatures. 

This latter feature, incidently, is the reason why AISI 
92100 steel, long a bearing industry standard material, 
cannot be used in a gas turbine engine; it will soften in 
Situ at the normal operating temperatures of the engine, 
threatening a premature failure of the load-bearing 
component. 

The nominal composition (in weight percent) of M-50 
steel is given as follows: 

c Mn Sat Cr Mo V 

O2S0 O) 319) OZ. 4210 AS. 1 ib0 
An extensive discussion is devoted to the carbides present 
in M-50 by Bridge, et al. [Ref. 6]. A brief summary of their 
relevant findings is reported below under the Results and 
Discussion chapter. The principal alloying elements in M-50 
are chromium, molybdenum, and vanadium. Chromium is a rela- 
tively low-cost addition which increases the hardenability 
of the alloy, and also results in the formation of the 
soluble carbide Cr5.C., which provides good wear resistance. 
"M' type (high speed) tool steels are so designated because 
of their high molybdenum content; a hard carbide, Mo,C, is 
produced which, upon tempering, precipitates as fine parti- 
cles in the martensite and forms the basis for secondary 
hardening. Vanadium iS an expensive element which forms the 
hard, insoluble carbide VC, an extremely tenacious particle 
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which also contributes to the excellent wear resistance of 
Pie AlbOvmRets. SD and 7]. 

The material is subjected to VIM-VAR processing. That 
fmt e is Vacuum induction melted GVIM) if?an indwetion 
furnace in which the crucible, heating coil, and ingot mold 
are enclosed in a vacuum chamber. The steel is then vacuum 
arc remelted (VAR) in a consumable electrode furnace under a 
vacuum or an inert gas. This steelmaking process ensures a 
Mei oliaene ye proauerscontaining only minimal amounts of -gas 


Pefosity ana nonmetallic inclusions [Ref. 8]. 


15 


Il. EXPERIMENTAL PROCEDURE 


A. PREPARATION AND INITIAL AUSTENITIZATION 

Two approximately six-inch lengths of steel were cut 
from the 1.75 inch (4.5 cm) diameter M-50 round stock. This 
"as-received" material was left in a spheroidize-annealed 
condition by the manufacturer. To commence thermomechanical 
processing and back the material out of its as-received 
condition, initial austenitazgation was accompoltered tae 
high-temperature electrical box furnace (silicon carbide 
heating elements) following the procedures developed by 
Larson [Ref. 4]. The steel was pre-heated at 850°C 
(1562°F) for two hours, and then austenitized at 1150°C 
(2102°F), also for two hours. This was follevedue sa 
stabilizing quench in a furnace at 620°C (1148°F) for two to 
three minutes, until the glow had ai Steps aneem Then, the 
specimens were allowed to air-cool to ambient temperature 
[Ref. 9]. Throughout the austenitization, each length was 
individually wrapped in nickel foil to prevent decarburiza- 


tion, with titanium sponge added as a deoxidant. 


B. WARM-ROLLING 
The lengths of austenitized M-50 steel were taken to the 
Lawrence Berkeley Laboratories, Berkeley, California, for 


warm-rolling. After heating to 700888 1292-5). neon 
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ellectrically—-fired box furnace, the specimens were rolled 
in a two-high flat mill, with intermediate reheating to 
700°C between each pass, to a rough shape about one inch 
(2.5 cm) square. Then, the lengths of M-50 were rolled in a 
two-high bar mill, again with reheating between passes, to a 
Peco cokner square Shape of 0.625 inem (1.6 em) per Side. 
This same procedure was followed for two additional 
lengths of spheroidize-annealed M-50 steel, with the excep- 
tion that warm-rolling was accomplished at a temperature of 


eee lool FF). 


C. PREPARATION FOR ROLLING CONTACT FATIGUE TESTING 

Rolling contact fatigue rods were machined from the two 
warm-rolled conditions (700 and 750°C) and the as-received 
Soci sehach rod was cylindrical in shape, 0.375 inch 
(9.5 mm) in diameter and about boule inchecmuong. It is 
noted that the warm-rolled material was slightly easier to 
machine, in that it offered less resistance to the lathe 
operator and produced a smoother surface. 

The preferred method for austenitization of steels is to 
heat treat in molten salt baths, as this results in rapid, 
uniform heating and minimizes undesirable decarburization. 
Since the Naval Postgraduate School currently lacks the 
facilities to conduct salt bath heat treatment, however, 
this process was done by a private metals heat treating 


contractor in the south San Francisco Bay area. 
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The rods were auStenitized (hardened) in salt baths 
according to the following heat treatment scheme [Ref. 9]: 
specimens were pre-heated in molten salt at 845°C (1553°F), 
followed by austenitization in salt at a temperature between 
1006°C (1843°F) and 1106°@™(20Z3 0), Verne wees cane d 
hardening holding time of five minutes. The samples were 
then quickly transferred to a quench salt bath and held 
there only long enough to attain bath temperature (stabilize), 
but no more than two to three minutes, especially when the 
salt bath was agitated. The test rods were then cooled 
in air to room temperature. 

Austenitization temperatures chosen, by material starting 
condition, are shown in Table I. The hardening temperatures 
were chosen according to data eenerated by Bres [Ref. 1]. 

The highest austenitizing temperature, 1106°C, is the 
industry's standard, since it allows for complete solutioning 
of all soluble carbides. By contrast, the lowest temperature, 
1006°C, was selected--albeit arbitrarily--so that the effects 
of undissolved soluble-type carbides could be observed in 
rolling-element fatigue. This latter austenitizing tempera- 
ture, however, is still high enough to give the material 
sufficient hardness so as to perform adequately in a rolling 
contact test. The intermediate temperatures, 1036 and 1066°C, 
were employed at a later point in the research to investigate 


the presence of retained austenite in the as-quenched 
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Table I 


mUswenivizatriron lemperatures, by Material Starting Condition 


Condition (Rolling Austenitizing 
Temperature ) Temperature 
"As-received LOG -C 
As-received dele Ga 
Warm-rolled (700°C) LOCGwe 
Warm-rolled (700°C) LIOG le 
Warm-rolled (750°C) av Gfer ete 
Warm-rolled (700°C) O36 C 
Warm-rolled (750°C) ie S6-C 
Warm-rolled (700°C) INCE AE 
Warm-rolled (750°C) OLS S 
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specimens, evidenced by longitudinal cracking which occurred 
upon tempering the warm-rolled rods austenitized at 1106°C. 

The hardened rods were then subjected to a five-step 
tempering cycle [Ref. 9], with each phase being two hours 
long: freezing at -120°F (-84°C), tempering to 1000°F 
(538°C), freezing, tempering, and tempering again. The 
specimens were permitted to return to room temperature 
between phase of the tempering cycle. Freezing was 
conducted to promote the transformation of retained 
austenite to untempered martensite by pushing the material 
below its martensite finish temperature. The actual 
temperature was somewhat lower than prescribed: -146°F 
(-99°C). This was a result of the medium chosen in 
which to freeze the specimens (acetone in liquid nitrogen), 
although the lower temperatures had neither a beneficial nor 
a detrimental effect. Acetone freezes at -140°F (-95°C), 
while the EH GNEeME COE of liquid nitrogen is =3270- Fea@rccee 
Tempering itself was conducted in an electric box furnace 
with automatic temperature control. 

The rolling contact fatigue test rods were sent to the 
Naval Air Propulsion Center (NAPC), Trenton, N.J., for 
finish grinding. This removes the thin, decarburized 
surface layer which inevitably results from an austeni- 
tizing heat treatment (even in molten salt). The test 
rods were given a surface finish of four to eight 
microinches RMS. 
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OD.) ROLLING CONTACT FATIGUE TESTING 

NAPC conducted rolling contact fatigue evaluation on 
pepe ee oe rolling contact fatigue tester which was used 
(Figure 2.1) is a simple device which generates fatigue 
Spalls that are Similar to those occuring in actual rolling- 
element bearings. Figure 2.2 shows a close-up of a test rod 
mounted Im a precision collet (Similar to the chuck on a 
lathe). The test rod is rotated by a small electric motor; 
the rod in turn drives two hemispherically ground disks 
which are rimmed with hardened M-50 steel. The hardness of 
the roller material 1S comparable to that of the test rod, 
and is surface finished to between eight and twelve 
microinches RMS. These disks load against the test rod and 
provide resistance Gear ae fOrme ot friction) to its rota- 
tion. A drip feed system provides lubrication, which is 
maintained at a constant rate of flow by a needle valve 
assembly. The lubricant used in the test was MIL-L-23699, a 
synthetic base-stock ester fluid which is the U.S. Navy's 
Sancta Mibracating O11 for gas turbine engines. An 
accelerometer is mounted on the load wheel yokes, acting 
aS a vibration pick-up which senses a test rod failure 
(i.e., a fatigue spall) and subsequently stops the drive 
system. A technician then records the number of stress 
cycles until failure occurred and resets the rod on a 


different track, ensuring a track separation of about 


FAA 





Figure 2.1 Rolling Contact Patigue ses ¢ aac Wana 2 
Air Propulsion Center (NAPC), Trenton, N.J. 
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Peewee enolling Contact Batigue Test Machine, Close-Up 
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O.125 inch (3.2 mm) in order to preclude mmeeractien. 
between tracks [Ref. 10]. 
The following standard test conditions were observed 
throughout the research: 
(a) oil temperature--ambient; 
(b) test rod temperature--ambient; 


(c) test rod rotating speed--35,000 to 36,000 rpm 
(S83 to GOO) ros). 


(d) applied load--1467.84 N (300 lbf); 

(e) maximum hertz stress--4.826 GPa (700 ksi); and 

(f) lubricant flow rate--20 drops/min. 
Testing on a track continued until failure by fatigue 
Spalling occurred, either on the test rod or the load disk 
[Ref. 10]. In one case, however, the test was discontinued 


due to an exceSSive number of stress cycles. 


E. HARDNESS TESTING 

Hardness data was taken on a Wilson Model 1-JR Rockwell 
hardness tester. Samples were hardness-tested in the 
as-received and warm-rolled conditions at three points in 
the heat treatment process (a) before hardening, (b) after 
austenitizing but before tempering, and (c) after tempering. 
The results of test (b) above are given in Table II, while 
test data for (a) and (ce) are cel lecre cei tae tit. Tie 
Rockwell C scale and a diamond-cone Brale indenter were used 
in the testing. Six readings were taken per sample, and an 
arithmetic mean and standard deviation for the data were 
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thenecabeulavea. olnce the shape of “the rolling contact 
test rod is that of a cylinder, it was necessary to apply 
a correction value for the workpiece; these corrections 
were added to the Rockwell dial-gage readings, as hardness 


was measured on the outer (convex) surface [Ref. 11]. 


ieee MICROSCOPY 

Specimens were cut from the test rods, mounted in 
phenolic compound, and polished. Vilella's reagent (5 ml 
Hemeeelee picrac acid, and LOO ml 954 ethanol) was chosen as 
the etchant because of its qualities for contrast etching in 
untempered and tempered martensite [Ref. 12]. Initially, the 
reagent was diluted with an equal quantity of 95% ethanol in 
order to give more control during etching (i.e., to slow 
down the reaction); etching times of twenty and thirty 
seconds were used. Eventually, however, when greater 
familiarity was gained with the etchant, undiluted Vilella's 
reagent was utilized, with etching times from twelve to 
fifteen seconds. 

Optical microscopy was conducted under a Zeiss Universal 
Photomicroscope using Kodak Panatomic-X 35 mm film (FX135-36), 
ISO 32. Scanning electron microscopy was done on two 
machines; a Hitachi S-450 SEM at the Hopkins Marine 
Stet ion. PacwrevemGrove-) Calafornia; and, briefly, the Naval 


Postgraduate School's Cambridge S4-10 Steroscan SEM. 
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Polaroid Type 52 Polapan 4x5 land. film, 400 ASA, was used 


for all scanning electron PHC recmrcrorra pas, a. 
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Pea sesuers AND DISCUSSION 


A. AS-RECEIVED VS. WARM-ROLLED MATERIAL 

Before hardening, the microstructures of both the 
as-received and warm-rolled products were examined using 
both optical and scanning electron microscopy. Under the 
optical microscope at 1270X, the as-received material 
(Figure 3.1) shows well-defined grains and large, 
irregularly-sSshaped insoluble (MC and MoC) carbides. These 
larger residual carbides cannot be dissolved without melting 
of the alloy. Soluble, or temper, carbides cannot be 
resolved at this magnification. The dramatic effect on 
grain size resulting from warm-rolling is seen in Figure 3.2: 
the individual grain boundaries are no longer visible, though 
the insoluble carbides retain their large, irregular 
morphology. From this micrograph, it cannot be determined 
whether any insoluble carbide refinement has been accom- 
plished, although the rolling has caused these carbides to 
appear as elongated "bands" within the matrix, parallel 
to the rolling direction of the material. As with the 
as-received material, temper carbides cannot be seen. 

Under the scanning electron microscope at a magnifica- 
tion of 6000X (Figure 3.3), the as-received material 
exhibits the large, insoluble carbides and also the smaller 
temper carbides. These latter, soluble carbides are 
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Figure 3.1 As—-Received Material (1270X) 
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Figures3.2 Warm—Rolled (700°C) Material (1270X) 
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spheroidized and homogeneously dispersed in the matrix. The 
grain boundaries of the material are also observed as 
Courcrasting Tight and dark areas within the matrix. Neither 
the soluble nor the insoluble carbides "respect" the grain 
boundaries of the material, as carbide nucleation appears to 
EavOreno Damumnecular location. 

Observe as well the small holes, or voids, at the ends 
of the insoluble carbides. This iS cavitation which is 
presumably caused by the hot rolling of the steel into bar 
stock when manufactured. This phenomenon was observed 
(under the scanning electron microscope only) in virtually 
every sample of this material, both before and after thermo- 
mechanical processing, and regardless of the heat treatment 
scheme followed. Since the voids exist "in the shadow" of 
the insoluble carbides, their presence uSing optical micros- 
GODy WAaSme Umderstandaply, not visible. It is thought that, 
during the rolling, the insoluble carbides behave as hard, 
undeformable particles in a relatively soft matrix. Thus, 
cavitation occurs at the ends of these residual carbides, 
analogous to the manner in which a high and low pressure 
zone exists at the upstream and downstream ends, respec- 
pivei yy Ofmetmocbocbtriecwlon Jn a flow stream. This is a 
Silent tcany einen whten may Mave amportant ramifications 
with regard to the performance of M-50 steel in rolling- 
element applications, a point emphasized below in the 
discussion of the Weibull analysis. 


oye, 


Figure 3.4 shows the warm-rolled material at the same 
magnification (6000X), and there it is observed that the 
soluble carbides clearly have been refined in size, although 
there is no discernable effect upon the insoluble carbides. 
The temper carbides again show a fine dispersion in the 
matrix, with neither soluble nor insoluble carbides demon- 
strating a proclivity to segregate. Areas of sharp grain 
boundary definition are visible to a lesser extent due to 
the obvious refinement of the grain size. These are repre- 
sented by smaller areas of varying contrast in the struc- 
ture. Cavitation iS again observed, although it is less 
pronounced than in the previous (as-received) specimens. 

The results of the microscopy performed on the pre- 
hardened material confirms the work done by Larson with 
regard to thermomechanical processing of M-50 steel [Ref. 4] 
with only one exception: the large residual carbides are 
reduced in size only by a small amount, 11 4702.) . in both 
the as-received and warm-rolled material, large insoluble 
carbides could be found which were representative of the 
carbide size throughout the structure. This, qualitatively, 
makes the task of assessing their degree of refinement 
aqifficult aif not impossible. Alco elec anew Sharp 
contrast to the order-of-magnitude refinement produced on 
the temper carbides in the warm-rolled matrix. lkLarson 
concluded that this refinement was brought about by at least 
two factors. First, the dissolved carbides are precipitated 
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as a fine temper carbide dispersion from a supersaturated 
martensite. Secondly, recrystallization during the warm- 
rolling provides nucleation sites for the enhancement of 
precipitation. Also, deformation acts to shear larger 
precipitates, reducing them in size to finer particles. The 
efficacy of the warm-rolling in breaking up the hard, inso- 
luble carbides, in light of the results of current optical 
and scanning electron microscopy, is doubtful. 

In addition, these results on M-50 regarding the refine- 
ment of soluble carbides by thermomechanical processing also 
supports the work by McNelley et al. [Ref. 13] on AISI 52100 
steel. There, too, the starting structure (coarse spheroidal 
carbides of the as-received condition) was refined during 
the thermomechanical process. In 52100 steel, however, all 
of the carbides could be driven into solution. The combina- 
tion of heat treatment and warm working produced an ultra- 
fine ferrite grain size with a homogeneous dispersion of 
spheroidal (temper) carbides, and matches the results 
obtained with M-50 except for the presence of the insoluble 


(and apparently unrefineable) residual carbides in the latter. 


B. HARDENING EFFECT UPON STRUCTURE 

The hardening response of M-50 steel upon thermomechan- 
ical processing was thoroughly documented by Bres [Ref. 1]. 
This work, in part, showed that, up to a temperature of 


approximately 1100°C (2012°F), the warm-rolled samples 
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demonstrated higher hardness (Rockwell C) than did the 
conventional, spheroidize-annealed (as-received) condition. 
Pe oud ElO0 Cyr ine two structures came together in terms of 
hardness until they both experienced a slight softening 
Wesabe at about 1L125°C (2057°F) (Figure 3.5). 
imiceIiered=onIn Naraness as a function of austenitizing 
temperature is simply a reflection of the increasing quan- 
tity of free carbon in the matrix as the carbides undergo 
dissolution. The carbides in annealed M-50O have been found 
to be Mo 3C¢ » Moc, Mo 


M530 and Moc, are soluble carbides whose solvus tempera- 


tures are 993°C (1820°F) and 1088°C (1990°F), respectively. 


Camancewe w| Reis 6)].-\ The first. two, 


The remaining carbides, M,C and MC, are residual and cannot 


2 
be dissolved without causing liquation of the steel. It 
can easily be seen that--up to the higher solvus temperature 
(1100°C)--the soluble carbides are not yet completely 
dissolved, and therefore hardness differences exist. Upon 
attainment of this temperature, however, no more carbon 
is being taken into solution, and the two curves coincide. 
The subsequent softening of both materials can be explained 
both as a manifestation of increasing grain size with 
temperature and the higher content of retained austenite in 
the specimens [Ref. 14]. 

Additionally, Bres showed that, by holding austenitizing 


temperature at a constant value (in this case, 1020°C 


(1868°F)) and varying the heat treatment time from two to 
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twenty minutes, the warm-rolled M-50 had a notably higher 
hardness than the spheroidize-annealed sample for 
austenitizing times up to five minutes. For the longer 
austenitizing times (five minutes or greater), the two 
conditions roughly equalized in hardness (Figure 3.6). The 
fact that these two curves converge at the longer hardening 
times iS indicative of the speed at which the soluble 
carbides are completely taken into solution when held at a 
relatively high austenitizing temperature [Ref. 1]. 

Aiternately stated, heat treatment (i.e., thermomechan- 
ical processing) of the warm-rolled M-50 always yielded a 
product that is at least as hard as the as-received 
material. And, at either shorter austenitizing times or 
lower austenitizing temperatures, the warm-rolled material 
is significantly harder than the as-received steel given an 
identical heat treatment. 

Bres used test coupons of as-received and warm-rolled 
M-50 steel which were, in both cases, about 2.5 mm (0.1 
inch) thick; a standard austenitizing time of two minutes 
was chosen. In the current work, the rolling contact test 
rods were machined to a diameter of 0.375 inch (9.5 mm). 
Since this was--at a maximum--approximately 3.8 times 
the thickness of the coupon used in the previous study, a 
standard austenitizing time of five minutes was arbitrarily 
chosen, with the expectation that this holding time would 


allow for complete through-hardening of the material upon 
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austenitization. The hardness results for the as-received 
andeewo warimn-rolled conditions, heat treated at four 
different temperatures, are given in Table II. These hard- 
ness readings, taken on the Rockwell C scale, were obtained 
before the material had been tempered. Hardness measurements 
taken on samples of this material both before austenitizing 
and also after hardening and tempering appear in Table III. 
The remarkable similarity in the hardness data, espe- 
cially between the lowest and highest austenitizing tempera- 
tures, was not anticipated. Note that the minimum and 
maximum hardness readings--63.0 and 65.9, respectively-- 
differ by less than three Rockwell C numbers. The relatively 
high degree of statistical uncertainty evidenced by the 
(large) computed values of the standard deviation leads one 
to conclude that the hardness for all specimens is essen- 
tially uniform, with only a slight softening observed at the 
highest austenitizing temperature for each condition, most 
ikety =a Tunction of =the increase in grain size and greater 
amount of retained austenite. These data are also repre- 
sented graphically in Figure 3.7, where the essentially 
constant hardness--even with increased austenitizing 
temperature--is clearly seen. This is particularly true in 
the as-received and warm-rolled (700°C) conditions, 
which show little scatter at the three lower temperatures. 
Optical microscopy was consistent with the results of 
the hardness testing above. Turning to the micrographs 
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ez eet etnese material (rigure 3.8 through 3.11), one is 
Tole y aie Similarities Of the microstructures rather 

than Paeriemwdmiterences.. Higures 3.8 and 3.10 represent the 
as-received and the warm-rolled (700°C) material, respec- 
tively, at 1006°C. The two micrographs are nearly identical, 
Cepia nowapparent distinction in grain Size, amount of re- 
tained austenite, or residual carbide size and dispersion. 
Figures 3.9 and 3.11, depicting the same material condi- 
tions at the highest austenitizing temperature employed 
(1106°C), show the same characteristics. Though the 

increase in grain size, particularly in the warm-rolled 
material (Figure 3.11) is clear, as are the indications of 

a higher degree of retained austenite (relative to Figures 
Semone) s.10), the similarity of features is still the 
Homimante Characteristic. Note also that in all four micro- 
graphs there is no clear refinement of the insoluble 
carbides. With such similarities between the microstructures, 
it 1s not difficult to see why the hardness readings are 
nearly identical as well. 

A conclusion is unmistakable: five minutes at the 
austenitizing temperature is Simply too long a time, and has 
Peoubreue in COarsening of the rolled structure to the point 
that it is little different from the as-received condition. 
This nullifies the refinement resulting from the thermo- 
mechanical processing, bringing both the microstructures and 
the hardnesses (which, of course, simply reflect the 
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Figure 3.9 As-Received, 1106°C (1270X) 
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Figure 3.10 Warm-—Rolled (700 ©), 1000 © (27 5Po) 


46 





Bue 3.11  Warm—-Rolled (700°C), 1106°C (1270X) 
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microstructure) together. These results indicate that 
future work in this study should be conducted using aus- 
tenitizing times of shorter duration, and probably as 
Short as one to two minutes. 

Comparing Tables II and If], note alseemthat theraus- 
generally only a slight softening in the material (approxi- 
mately five to eight Rockwell C numbers) with tempering. For 
the two warm-rolled materials austenitized at 1106°C, 
there is effectively no softening at all (one-half to one 
Rockwell number). This result is due to secondary hardening, 
a precipitation hardening resulting from fine temper 
carbides which precipitate from solution during the 
tempering cycle. This reaction is Kinetically Similar to the 
hardening which occurs in heat-treatable aluminum alloys, 
and counters the decrease in hardness which accompanies 
tempering in low alloy steels. This illustrates the two 
strengthening mechanisms in high speed tool steels: 

(1) heating to and quenching from the austenitic region to 
form a supersaturated, hardened martensitic matrix, and 
(2) tempering to diffuse carbon and--more importantly--to 
precipitate temper carbides for secondary hardness [Ref. 
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C. MICROSCOPY OF HARDENED AND TEMPERED SPECIMENS 
In preparation for rolling contact fabicues tes rea 
specimens were subjected to the temper cycle documented 
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eevee ecuiapcer If:  Fieure 3.12 is a micrograph (1270X) of 
the as-received material which has been austenitized at 
1006°C, while Figure 3.13 shows the same starting material 
Sree eradenereal magnification, hardened at 1106°C. Though 
not immediately clear from the micrographs, there has been 
a Slight increase in grain size with the higher temperature. 
Figures 3.14 and 3.15 show the warm-rolled material (700°C) 
Piiscenitized at 1006 and 1106°C, respectively. Distinct 
grain size refinement is observed in the warm-rolled 
material (Figure 3.14) over the as-received condition 
(Figure 3.12) at the same hardening temperature. Com- 
paring the warm-rolled material at the different tempera- 
tures, a marked jump in grain size is noted with the 

higher austenitizing temperature here as well. 

Note that there has been no appreciable refinement in 
the size of the insoluble, residual carbides from Figures 
Seles ac 3.13 (as-received) to Figures 3.14 and 3.15 (warm- 
rolled); neither do these residual carbides appear to have 
been "broken up" by the warm-rolling process. Bear in mind 
that this conclusion has been established by a careful, 
qualitative scan over the entire specimen surface at each 
Gonattion, NOt Just through the field of view of one micro- 
aie teno, point in this research, in fact, has there ever 
been any clear and convincing evidence of insoluble carbide 
refinement with thermomechanical processing. Their persis- 
tence even after heat treatment and warm-rolling lends 
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Figure 3.12 As-Received Material, 1006°C (1270X) 
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Peewee 3.13 —As—-Received Material, 1106°C (1270X) 
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Figure 3.14 Warm-Rolled (700°C), 1006°C (1270X) 
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Figure 3.15 Warm-Rolled (700°C), 1106°C (1270X) 
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Support to the belief that their refinement in this steel 
may not be possible by thermomechanical processing. 

Under the scanning electron microscope, the morphologies 
looked quite Similar. Figure 3.16 offers two views of resi- 
dual carbides taken at the same magnification (6000X) in the 
as-received material hardened at 1006°C. Note the irregular 
features of the massive, insoluble carbides and also the 
cavitation existing at points on their surfaces. Observe 
also the homogeneous dispersion of the spheroidized 
temper carbides in the matrix, as well as the fine, 
randomly-oriented martensite needles which can be clearly 


resolved at this magnification. 


D. ROLLING CONTACT FATIGUE TESTING 

As a consequence of longitudinal cracking which occurred 
during the tempering cycle (detailed below in section F), 
only four test rods were available for rolling contact eval- 
uation. All four rods tested in rolling contact by NAPC 
evidenced failure by classical fatigue spalling [Ref. 2]. 
As an example of this, wear tracks and spalls for the two 
as-received conditions are shown in Figure 3.17. Spalls 
varied in length from less than one up to several millime- 
ters, although they were all about 1 mm wide, the thickness 
of the wear track; fatigue spalls evidenced no character- 
istic shape. There was no correlation between spall size or 


shape and the condition being tested; in other words, spalls 
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Figure 3.17 Rolling Contact Test Rods, As-Received: 1106°C 
(Top ) Oe Gee. (Maddie ) 
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produced in the as-received material showed no difference in 
appearance from those occurring on the warm-rolled stock, 
and vice versa. 

The exterior surface of a spall on the as-received 
material hardened at 1006°C is pictured in Figure 3.18. 
These two photographs were taken of the same fatigue 
spall under the scanning electron microscope at a magnifica- 
tion of 9OX. In the second micrograph, however, the specimen 
was tilted at an angle of fifteen degrees relative to its 
previous position. The result constitutes a "stereo pair," 
and gives a remarkable three-dimensional effect when seen 
under a stereo viewer. One is struck by the extent of 
plastic deformation evident with the spalling action, and by 
"stretch marks" observed on the surface of the rod showing 
the direction of the fatigue. 

terns ODticalemtcroscopy, the microstructure below the 
surface of the spall was examined. The test rods were 
sectioned longitudinally, so that both the center of the 
spall and the direction of rolling (evidenced by strings of 
insoluble carbides) were revealed. Figures 3.19 and 3.20 
(406X) depict failures which occurred in the as-received and 
the warm-rolled (700°C) material, hardened at 1106 and 
Lows C., tespe Sees In neither case was there any 
obvious interaction between the residual carbides and 


the cracking which can be observed around the spall, nor was 
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As-Received Material, 1006°C (90x) 
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Figure 3.19 Sectioned Fatigue Spall: As-Received Material, 
Austenitized at 1106°C (406X) 
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Figure 3.20 Sectioned Fatigue Spall: Warm-Rolled (700°C) 
Material, Austenitized at 1006°C (406X) 
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any.association seen with the as-received material which had 
been austenitized at 1106°C (not pictured). 

Under the scanning electron microscope, the same speci- 
mens were examined again for demonstration of residual 
eatoide interaction. | In panpteulemen any wapparent coinci- 
@menee between Theminsolublewearoide-somemrmecestarm: of 
Subsurface cracking (i.e., fatigue spall initiation) was 
sought. Figure 3.21 reveals a crack on the edge of a spall 
in the as-received material, austenitized at 1006°C. 

The micrograph, at 3000X, exhibits carbides which appear to 
be caught in the path of the crack and were themselves 
broken up. The corona which outlines the edge of the spall 
Pies YiOlOsmaieebomanrcsGULE Of Cleciron Charging of the 
metallographic sample. Observe also that temper carbides can 
be resolved at this magnification. In Figure 3.22, the 
apparent origin of another crack in the same material is 
shown at a higher magnification (6000X). Here, the same 
phenomenon 1s seen: that of a fatigue crack originating in 
tie Matrix and pr@@agapene throughea carbade to the surface 
of the rod, eventually resulting ina spall. Note the 
fissure pattern in the carbide itself, revealing the direc- 
Con Of crack growelmmand travel to be irom the interior of 
the specimen to its surface. Again, however, the insoluble 
carbide appears simply to have been an obstacle, rather than 
an initiator, for §eme crac AneolLhermmicrograph taken of 
the same sample, Figure 3.23, shows fatigue-induced cracks 


Sl 





Figure 3.21 Sectioned Fatigue Spall: As-Received 
Material, Austenitized at 1006°C (3000X) 





Figure 3.22 Sectioned Fatigue Spall: As-Received 
Material, Austenitized at 1006°C (6000X) 
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Figure 3.23 Sectioned Fatigue Spall: As-Received 
Material, Austenitized at 1006°C (1500X) 
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which have formed immediately beneath the area where the 
spall eventually occurred. These cracks (shown at 1500X) 
developed in the matrix amidst a relatively homogeneous 
dispersion of both residual and temper carbides, but do not 
appear to have been affected (or determined) by the presence 
of these carbides. This pattern is exhibited in the other 
conditions as well. As-received material hardened at 

1106°C is shown in Figure 3.24 (3000X), and depicts 
subsurface cracking in the spall region which is also appar- 
ently unaffected by the insoluble carbides. 

It must be noted, however, that these cracks do not 
necessarily represent the main crack front which resulted in 
the fatigue spall. Instead, they constitute additional, or 
secondary, cracking which has occurred beneath the spall, 
the evidence of the main cracking having been carrried away 
with the metallic remnants which comprised the spall itself. 
With this fact borne in mind, microscopy of failed M-50 
steel specimens still yields no evidence that these secon- 
dary cracks have nucleated within the insoluble carbides 
themselves; neither does this fatigue-induced cracking 
appear to be initiated or influenced by the presence of the 


residual carbides within the substructure. 


E. WEIBULL ANALYSIis 
The plots generated from the Weibull function are shown 


as Figures 3.25 through 3.28. A complete description of the 
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Figure 3.24 Sectioned Fatigue Spall: As-Received Material, 
Austenitized at 1106°C (3000X) 
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Weibull analysis is given by Johnson in Reference 16. The 
empirical data used to produce these graphs are given in 
Appendix A, which also includes supplementary calculations 
such as the Weibull slopes, characteristic lives, and 
correlation coefficients.  Themear codes listed in Appendix 
A correspond to the following @matemial Gagecsoing Cond ite oie 

A-1 As-received, 1006°C 

F-2 As-received, 1106°C 

K-3 Warm-rolled (700°C), 1006°C 

N-2 Warm-rolled (750°C), 1036°C 

For each test rod, discrete points representing the 
number of cycles to failure and the "median rank" of each 
failure determination (i.e., a cumulative distribution, from 
zero to one hundred percent, which indicates how many fail- 
ures have occurred) were plotted. Then, a linear regression 
(least squares) analysis was performed, and the resultant 
"best-fitting" straight line for these points was overlaid 
on the graph. 

Figure 3.25 shows all four test rods/conditions ona 
Weibull plot. Noteworthy is the fact that there are no vast 
differences in rolling contact fatigue life among the test 
conditions. The Weibull slopes for three of four rods are 
essentially equal, while the slope for the warm-rolled 
(700°C) material austenitized at 006°C to anexpilteaely 
(and perhaps insignificantly) ntener. low ine en 
statistical scatter and the relatively small number of tests 
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run per sample, the results demonstrate virtual equivalence. 
This Memearticularly sieniticant Cand reasonable) in light 
of the similarities in microstructure and hardness which 
have already been documented for this material. Therefore, 
one must conclude that, for the heat treatments here with a 
five-minute austenitizing time, there appears to be no 
dependence of rolling contact fatigue behavior on prior 
processing Beery: MUurchaer tCesting=in rolling contact 
fatigue must be conducted on materials which have been heat 
treated for shorter holding times. As noted previously, this 
may facilitate determination of the effects of microstruc- 
tural refinement, assuming such refinement is better 
retained at the shorter austenitizing times. 

However, neither can the effect of voids associated with 
the insoluble carbides be neglected. It is quite possible 
that, regardless of the microstructural enhancement gained 
by thermomechanical processing, cavitation is the con- 
trolling feature which determines the fatigue life of 
rolling elements fabricated from M-50 steel. If these voids 
act as stress raisers in the matrix, they would have the 
SAalemetOuelclty stOvact aS sites for crack miicleation in the 
SWe-ULUCLUre aS pDOrosity Or oxide inclusions. This condition 
effectively nullifies the benefits gained by VIM-VAR 
processing during manufacture of the steel, accomplished 


that these impurities might be removed [Ref. 17]. 


real 


Because the Wneree a of Figure 3.25 makes it diferent 
to read, three additional plots were generated using the 
same data. Figure 3.26 compares the two as-received condi- 
tions. There it is observed that the material heat treated 
at the higher temperature clearly demonstrates a superior 
resistance to rolling contact fatigue. The mean life of the 
as-received material austenitized at 1006°C is 33.66 
maaan cycles (Appendix A), compared with 45.81 million 
cycles for the same material hardened at 1106°C, an 
increase in average fatigue life of 36.1 percent. One would 
predict a greater resistance to rolling contact fatigue for 
the latter material simply on the basis that, at the higher 
austenitizing temperature, more carbides are dissolved and 
hence more carbon is taken into solution, yielding a harder 
microstructure. In reality, however, Rockwell readings for 
these materials, found in Table III, show that they are 
effectively identical in hardness, taking the standard devi- 
ation of the readings into account. So, even with an obvi- 
ously inferior (larger) grain size, the as-received material 
austenitized at the higher temperature delivers a signifi- 
cantly better response in rolling contact testing. 

The results from the as-received and warm-rolled (700°C) 
test rods, both austenitized at 1006°C, are shown in Figure 
3.27. The data are very Similar at the lower percentages 
of failure, but the as-received material outperformed the 
warm-rolled stock as the testing continued. The mean life 
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Peeiemnarm—Tollcdwmaterial (17.80 million cycles) was 

47.1 percent less than the as-received condition (33.6 
million cycles). Although one must be careful when 
attempting to extrapolate conclusions, given the nature of 
the statistical data and the reasons outlined above, the 
analysis still points to the fact that at least the warm- 
rolled material is no better than the as-received condition 
ime risceot Trolling contact. fatiome performance. And, «di 
carbide size and dispersion are, as has been postulated 
(Refs. 18-20], the dominant factors (vice mere refinement 
Smernemmaktrix) affecting rolling contact fatigue life, then 
the Weibull analysis alone--microscopy aside--strongly 
Suggests that the insoluble carbides have not been refined 
by thermomechanical processing. 

Figure 3.28, a comparison of the as-received material 
hardened at 1106°C and the warm-rolled (700°C) material 
austenitized at 1006°C, shows the as-received material to 
be superior to the warm-rolled condition by an approximate 
factor of two. This serves only to amplify the conclusions 


of the previous two plots and provides no new information. 


Peeters OF RETAINED AUSTENITE 

Rolling contact test specimens which had been warm- 
rolled and then subjected to the higher hardening tempera- 
ture (1106°C) experienced longitudinal cracking during the 


post-austenitiZzing tempering cycle. This result led to an 
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investigation into the amount of stable austenite which was 
retained at room temperature after heat treatment. Subse- 
quently, additional samples were austenitized at "mid-range" 
temperatures of 1036 and 1066°C, in order to determine if a 
critical temperature could be established, beyond which no 
more cracking occurred. These test rods were examined 
carefully after hardening and found to be free from surface 
cracks. After the first tempering cycle (i.e., two hours 

of freezing followed by two hours of tempering), however, 
all samples exhibited longitudinal cracking as before. 

These cracks generally traversed the entire axial length 
of the test rod (about four inches) and penetrated to a 
range of depths, from less than 1 mm below the surface to 
the entire 0.375 inch (9.5 mm) diameter of the rod. An 
example of this extensive cracking is shown in Figure 3.29, 
which exhibits a sample of the warm-rolled (750°C) material, 
austenitized at 1066°C, mounted in phenolic compound and 
polished. 

At first it was assumed that these cracks were the 
result of too rapid a quench from the austenitizing tempera- 
ture. This idea of severity of quench was discarded, 
however, when further thought was given to the actual heat 
treatment (i.e., stabilization of the test rod in molten 
salt following austenitization, then air veeo! itso enoom 
temperature), which gave sufficient time for residual 
stresses to be accommodated in the material. Instead, it was 
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Figure saz eons ttudinal Cracking (Cross-Section): Warm- 
Rolled (750°C) Material, Austenitized at 1066°C 


es 


reasoned that the cracking must have resulted from the 
tempering treatment which followed hardening. Specifically, 
it was thought to occur during the first freezing cycle, 
when it was suggested that large quantities of retained 
austenite transformed to untempered martensite. This would 
be accompanied by an unfavorable volume change due to the 
lattice transformation from a face-centered cubic (FCC) 
erystal structure to a body-centered tetragonal (BCT) struc- 
ture, which in tism would leadiuo crackin. 

This hypothesis was confirmed by optieal Malemeceo., | 
Figure 3.30 (the same specimen shown in Figure 3.29), shown 
at a magnification of 1016X, depicts the intersection of a 
crack with the surface of the test rod. A shallow decarbur- 
ized layer can be seen at the rod surface, a common defect 
which occurs during austenltim@imes( tine eee Tremere. 
this layer before commencing the rolling contact fatigue 
test). Decarburization is not evident in the crack, 
however, indicating that the fissure had not yet been opened 
during hardenings. Thrs@result confirms the paar — 
austenitization examination of the rolling contact specimens 
which found them to be crack-free. Figure 3.30 also reveals 
that both the rod surface and the crack interior show 
evidence of oxidation, such as would occur upon tempering. 
Thus, one concludes that cracking took place after austeni- 
tizing but before tempering: i1.e., during the deep-freeze 
phase of treatment. 
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Paeme saee = Nvarm—nhOlled (750° C) Material, Austenitized”at 
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Retained austenite has been documented in the metallur- 
gical literature as having a deleterious effect upon rolling 
contact fatigue life [Reis. 2184and 22) 4pawt i roneameipe mere 
being a softer phase than martensite, there is always the 
danger that stresses generated in-service can activate a 
transformation to martensite. This will lead to volume and 
possibly shape changes (due to the change in lattice struc- 
ture). Also, the presence of a local residual stresses 
could also assist in the initiation of fatigue cracking, 
decreasing the life of the component [Ref. 22]. 

Complete elimination of retained austenite is not 
possible, but a combination of freezing and tempering should 
reduce it to an acceptable minimum in the material [Ref. 
22]. The deep-freeze, of course, brings the metal below the 
martensite finish temperature, which has been lowered due to 
extensive alloying (such as in M-50 steel), and induces the 
martensitic transformation. Although the standard heat 
treatment of austenitized M-50 steel includes these deep- 
freezing and tempering cycles, recent discussions with a 
bearings metallurgist indicates that the trend in the 
industry is now away from the freezing phase, presumably 
because of the harsh thermal gradients this procedure 
imposes on a material. Instead, a heat treatment scheme 
which consists of austenitization followed by multiple 
tempers is currently being employed [Ref. 23]. Tempering 
alone at an elevated (though sub-critical) temperature will 
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also result in the reduction of retained austenite. As 
Caveat rises [rom 1tbseainterstitial location in the BCT 
(artensit1e) Crystal structure, it acts as a ferrite stabi- 
lizer, raising the martensite start and finish temperatures; 
this enables the retained austenite to more completely 
transform to martensite at a higher temperature. 

To qualitatively investigate the presence of retained 
austenite in the hardened steel, twelve new specimens, all 
Of them approximately one inch (25.4 mm) long and 0.375 
inches (9.5 mm) in diameter, were prepared. Each of the 
three materials (the as-received stock and the two warm- 
rolled conditions) was subjected to four different austeni- 
tieaame temperatures: 1006, 1036, 10665, and 1106°C. 

Samples were left in the as-hardened state (1i.e., no 
tempering treatment was applied). From this experiment, a 
marked increase in the amount of retained austenite with 
increasing austenitizing temperature was observed. Compare 
HeatWemo.o t@ tigure 3.9 (as-received) and 3.10 to 3.11 
(warm-rolled at 700°C) to see the higher retained austenite 
content resulting from a heat treatment temperature increase 
from 1006 to 1106°C, respectively. This is evidenced by 

the numerous white patches of retained austenite which are 
exhibited throughout the matrix in Figures 3.9 and 3.11, and 
is due to the greater amount of carbon (from soluble car- 
bides) taken into solution as hardening temperature is 
raised. Since the solvus of the most tenacious soluble 
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carbide is just below 1100°C, one would not expect to see 
a still further increase in the amount of retained austenite 
with elevated austenitizing temperatures. 

As could be anticipated, the degree of cracking was most 
severe at the higher austenitizing temperatures; this was a 
result of more carbon being driven into solution, which 
therefore led to more retained austenite. Cracking existed 
in the rolling contact test rods themselves only in the 
warm-rolled material, and was--as expected--more extensive 
in those specimens austenitized at 1106 and 1066°C, 
although the rods hardened at 1036°C also exhibited somewhat 
shallow axial cracking. In the shorter specimens prepared 
for the retained austenite investigation, however, cracking 
occurred in all three conditiens only at the hvehesteGaite @ 
austenitizing temperature, and also in the as-received 
material hardened at 1066°C. This latter phenomenon, 
in light of the previous result an twe test @od=, dems 
explanation at present. 

Since this investigation was merely qualitative in 
nature, and rather superficial at that, no assessment was 
made of the actual percentage of stable austenite which was 
retained in the material following the hardening heat treat- 
ment. It will be an important aspect of future reseach in 
this area to determine, using quantitative x-ray diffraction 
methods, the amount of retained austenite which remains 
following the various austenitizations, both before and 
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after the tempering cycle, so as to gain a clear under- 
Prantl VO res IMPAacCt @nerolling contact fatigue life. 
Under the optical microscope, the crack propagation path 
through the steel was studied. It is noted in passing that 
the cracks appeared to traverse transgranularly across the 
Specimens. Figure 3.31, however, which shows warm-rolled 
material (700°C) austenitized at 1106°C (magnification: 
813X), reveals in intergranular propagation path. Using 
SCaumene SeleecLron micrescopy at a magnification of 440%, 
the fracture surface itself (Figure 3.32) exhibits 
an appearance reminiscent of grain boundary facets ("rock 
Cand Peel EhOwoen tmere isSsaytairly uniform overlay of 
OXDUSE@en produecs, the Surface displays a pattern of 
rou smabieane Vesrilts sand no clean evidence of plastic 
def@rmation, and 4s thus characteristic of brittle inter- 


granular fracture [Ref. 24]. 


eyh 





Figure 3432 Intergranular @Gpackine . Warn ore (7@i0~C) 
Material, Austenitized at 1106°C (813%) 
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Figure 3.32 Fracture Surface of Warm-Rolled (700°C) Ma- 
terial, Austenitized at 1106°C (440X) 
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IV. COMMENTARY AND CONCLUSIONS 


Thermomechanical processing of M-50 steel has been 
effective in two areas: (1) refinement of the matrix fer- 
rite grain size in the microstructure, and) ytelarnawe, 
fine, homogeneous dispersion of soluble (temper) carbides in 
that matrix. It has failed to refine, except to a minor 
extent, the insoluble (residual) carbides MC and M,C. ie 
has previously been stated that the dominant factor in 
enhancement of rolling contact fatigue life is believed to 
be the effect of carbide size and dispersion [Refs. 18-20]. 
There is sufficient evidence in the literature to adequately 
support thiseveonc! temo 

First, rolling contact fatigue testing performed on 
carbide-refined AISI 52100 steel showed that fatigue life 
improvements on the order of a factor of three have been 
achieved [{Ref. 25]. Recall that this is a steel for which 
all of the carbides may be driven into solution, resulting 
in a fine-scale, homogeneous matrix. Secondly, the effect 
of ausforming on M-50 steel has substantially improved the 
fatigue lives of balls and bearings in rollins conraec. 
(Refs. 26 and 27]. With this technique, 2 °unaitermnesatsc er — 
sion of small carbides is achieved, thereby lessening the 
severity of dislocation pile-ups which act as stress con- 
centrators and, ergo, sites for crack nucleation. Although 
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one may justifiably call into question the degree of refine- 
ment of the insoluble carbides attained by this method, as 
documented in Reference 26, the fact remains that there is 
convincing association between residual carbide refinement 
and an increase in effective bearing life. Third, it has 
‘been Shown that a crystallized glass ceramic approximates 
to a very high degree the properties of a carbide-refined 
bearing steel, in that the ceramic has very small crystals 
which are both evenly dispersed and randomly oriented within 
a matrix, in amanner analogous to the carbides in M-950 
steel [Refs. 28 and 29]. This ceramic material exhibited 
longer fatigue life when the crystals were smaller and more 
closely spaced. The researcher proposed two reasons why 
this occurred: (1) the crystals (or carbides in a bearing 
steel) would tend to block the formation of longer cracks by 
Aeeliemascm@eahn IMnidoltor tO Crack propagation, and (2) the 
crystals or carbides would strengthen the area of resolved 
shearing stress more if they were close together than if 
they were widely separated, thus retarding crack initiation 
{Ret Ze 

The preceeding discussion all suggests that the thermo- 
mechanical processing employed here iS unable to refine the 
insoluble carbides and may therefore be of no use in gaining 
an enhancement of rolling contact fatigue resistance in M-50 
steel. There are two critical experiments necessary to 
COnLirmethicwmm@evever. Hirst, shorter austenitizing times 
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must be investigated, to see if matrix refinement produced 
by thermomechanical processing can be retained during 
austenitization and effect an enhancement of rolling contact 
fatigue life. Second, an experiment should be structured 
which removes (closes up) the voids present in these 
materials. A method such as hot isostatic pressing (HIP), 
used in processing of powder metallurgy, or another appro- 
priate technique could be employed for this purpose. This 
would determine the extent to which the cavitation is 
relevant to the rolling contagt Papreuc ebay ler or ees 
steel. 

The conclusions relating to this research into the 
rolling contact fatigue life of thermomechanically processed 
M-50 steel are summarized as follows: 

1. Thermomechanical processing has resulted in the 
Significant refinement of both the ferrite grain size 
and the soluble (temper) carbides. 

2. Thermomechanical processing has failed to yield 
any more than a minor refinement of the insoluble 
(residual) carbides, which occur as MC and Moc in 
M-50 steel. 

3. The hardness of all specimens hardened with a 
five-minute holding time is fundamentally constant, 
with only a slight softening observed at the 


highest ,ustenigfagane temperuature. 
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The five-minute austenitization time is too long 

for the small size of the test materials used, and 
results in an undesirable homogenization with respect 
to both microstructure and hardness. 

There was no correlation between surface fatigue 
Spall size or shape and the heat treatment condition 
under evaluation. 

Optical and scanning electron microscopy of failed 
specimens yields no evidence that secondary stress 
cracking has nucleated within the insoluble carbides; 
neither does fatigue-induced cracking appear to be 
initiated or influenced by the presence of residual 
carbides in the substructure. Evidence of such 
interaction, however, is strongly alluded to in the 
literature. 

Weibull analysis demonstrates the essential equiva- 
lence of the results of the rolling contact fatigue 
testing. With a five-minute austenitizing time, 
there appears to be no dependence of rolling contact 
fatigue behavior on prior processing history. 

The thermomechanically processed material is not 
better than the as-received condition in terms of 
rolling contact fatigue performance. 

Longitudinal cracks occurring the specimens 
following austenitization are the result of exces- 
Sive retained austenite which transforms to 
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aN) - 


untempered martensite during the deep-freeze 

phase of the tempering cycle. 

The extent of axial cracking iS more Severe at the 
higher austenitizing temperatures. This is due 

to the fact that more carbon is being taken into 
solution with the elevated temperature, which in 
turn results in greater quantities of retained 


austenite. 
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V. RECOMMENDATIONS FOR FUTURE WORK 


The following recommendations constitute additional 
research opportunities in this area: 

IM ECoOudWentearoLling —Ceontace fapleue testing on 
specimens subjected to different thermomechanical 
processing conditions and austenitized at hardening 
holding times of less than five minutes. 

Pee sReMmOVemexIsvtTiInge Cavitation through hot isostatic 
pressing (HIP) and test these specimens in 
rolling-element fatigue. 

3. Determine quantitatively, using x-ray diffraction 
methods, the amount of retained austenite which 
remains following heat treatment at various 
austenitizing temperatures. 

4. Investigate exhaustively the relationship between 
insoluble carbides in the substructure and the 
Dien eroiwOotLmintrerlor Stress cracking which 


Peads vO Laguure by fatigue spalling 
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